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Abstract

Proton exchange membrane fuel cells (PEMFCs), characterized by high efficiency, zero
carbon emissions, and low-temperature start-up capability, are among the most promising
clean energy technologies. The design of flow channels and flow fields is critical for
enhancing fuel cell power density, mitigating water flooding, and reducing costs. This
paper systematically reviews the effects of key geometric factors in PEMFC flow fields
and channels, including structural geometry, cross-sectional shape, and baffle design, on
cell performance, with the aim of improving water management and enhancing PEMFC
performance. Furthermore, the optimization of flow fields such as parallel, serpentine, and
interdigitated configurations is reviewed as well. Particularly, the structural features and
enhancement mechanisms of biomimetic and novel flow fields, as well as the advantages
of three-dimensional flow fields in promoting mass transfer and improving water and
thermal management, are discussed, thereby laying a foundation for the innovation and
development of future high-performance proton exchange membrane fuel cells.

Keywords: proton exchange membrane fuel cells; flow channel structure; flow field design;
three-dimensional flow field; water management; thermal management

1. Introduction

Against the backdrop of the deep advancement of the global “dual carbon” strategy
and the accelerated transformation of energy structures, addressing climate change and
reducing dependence on fossil fuels has become a global consensus. Proton exchange
membrane fuel cells (PEMFCs), with their outstanding advantages of zero carbon emissions,
high energy conversion efficiency, and fast start-up capability, were regarded as highly
promising clean energy solutions in fields such as transportation and distributed power
generation [1-3]. Particularly in automotive applications, PEMFC technology was expected
to fundamentally resolve the carbon emission issues of traditional internal combustion
engines and the range and charging efficiency bottlenecks of battery electric vehicles [4,5].
Its core operating principle involved directly converting the chemical energy of hydrogen
and oxygen into electrical energy through electrochemical reactions, with outputs of water.
The electrochemical reactions are shown in Equations (1)—(3).

Anode : 2H, —4H" 44e~ (1)
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Cathode : O +4H" +4e~ — 2H,0 )
Overall reaction : 2H, + O, — 2H,O 3)

In general, fuel cells can be categorized into six major types by fuel and electrolyte.
They include polymer electrolyte membrane fuel cells (PEMFCs), alkaline fuel cells (AFCs),
phosphoric acid fuel cells (PAFCs), molten carbonate fuel cells (MCFCs), solid oxide fuel
cells (SOFCs), direct methanol fuel cells (DMFCs) and direct ethanol fuel cells (DEFCs).
Unlike high-temperature solid oxide fuel cells, molten carbonate fuel cells and phosphoric
acid fuel cells with slow start-up performance, PEMFCs operate at 60-80 °C with fast
start-up, high power density, and excellent dynamic response [6]. So, this paper focuses
exclusively on low-temperature PEMFCs for vehicle applications.

In PEMFCs, the anode exhibits simple hydrogen transport characteristics with lower
flooding risk and low mass transfer resistance. In contrast, the cathode involves air supply,
liquid water accumulation, and severe mass transfer limitations, which are the core factors
affecting cell performance. Therefore, this study focused on cathode flow field optimization
and did not discuss the anode flow field in detail.

As shown in Figure 1, PEMFCs are mainly composed of a polymer electrolyte mem-
brane, catalyst layers (CLs), gas diffusion layers (GDLs), and bipolar plates (BPs) [7,8]. In a
PEMFC, the polymer electrolyte membrane is primarily responsible for conducting protons,
while preventing direct mixing of hydrogen at the anode and oxygen at the cathode, and
blocking electron conduction to ensure that electrons can only form an electric current
through the external circuit. The electrode of a PEMFC consists of the CL and GDL, featur-
ing a typical porous diffusion electrode structure that combines reaction activity with mass
transfer and electrical conductivity. The internal structure of the CL is rough, providing
active sites for the electrochemical reactions of hydrogen and oxygen. The GDL possesses
good porosity and electrical conductivity, which not only ensures uniform distribution of
the reactant gases across the entire catalyst layer interface but also effectively conducts
electrons and promptly removes the water generated by the reaction. As an integrated
structural and functional component, the bipolar plate serves the roles of fluid distribution,
current collection, and structural support.
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Figure 1. Schematic picture of the PEMFC.

The performance of PEMFCs is closely linked to their internal multi-physics fields,
which include key aspects such as uniform distribution of reactant gases, proton conduction
efficiency, water and thermal management, and product removal. Despite significant
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progress in PEMFC research, many challenges remain. Fuel cells are needed to reduce
pressure loss while ensuring uniform gas distribution, achieve a dynamic balance of
water and thermal management under different operating conditions, and balance flow
field performance with manufacturing costs to meet commercialization requirements [9].
Furthermore, as PEMFCs are applied on a large scale in areas such as automotive technology;,
their flow field design fulfills practical needs, including high power density, long service
life, and resistance to harsh operating conditions.

Most existing reviews focused narrowly on conventional flow field optimization, sin-
gle bionic designs or bipolar plate materials [10]. By contrast, this paper systematically
reviewed the current research on PEMFC flow channel design and summarized the struc-
tural characteristics, performance advantages, and applicable scenarios of different flow
field types, covering structures from traditional types to novel configurations.

2. Flow Channel Design

2.1. Geometric Structure Design of Flow Channels
2.1.1. Length, Width, Depth, and Aspect Ratio of Flow Channels

Flow channel geometric parameters (length, width, depth, aspect ratio, etc.) directly
determined reactant transport, product water removal, pressure loss, current density
uniformity, and temperature distribution [11], which were core optimization variables in
PEMFC flow field design. The following provided a detailed analysis of the structural
parameter optimization of three typical flow fields: parallel, serpentine, and interdigitated.

(1) Parallel Flow Field

For parallel flow fields, channel length was a key parameter affecting the liquid water
transport process within the fuel cell. The generally accepted understanding was that,
within the allowable pressure drop range, longer channels typically result in better water
management. Xing et al. [12] developed a two-dimensional, non-isothermal, two-phase
flow, anode partial flooding model, demonstrating that as channel length increased, the
optimal cathode relative humidity rose, thereby enhancing cell performance. During 15 min
of 0.5 A cm~2 steady-state operation, Bachman et al. [13] found that the longer 25 cm
channels exhibited 18% higher maximum power density and 87% higher maximum current
density than the shorter 5 cm channels. Moreover, the longer channel not only minimized
water accumulation and achieved good performance but also required minimal extra power
consumed by the auxiliary components of the fuel cell system.

Smaller rib and channel widths contributed to reduced ohmic resistance and superior
cell performance. Goebel et al. [14] evaluated combinations of rib widths and channel
widths of 0.25, 0.5, and 1.0 mm. Reducing the rib width down to the tested minimum of
0.25 mm improved cell performance compared with wider ribs. Scholta et al. [15] indicated
that the optimal range for channel width or rib width was between 0.7 mm and 1 mm.
When the dimensions became very small, the likelihood of channel blockage due to water
droplet formation increased. In general, narrower channel dimensions were more suitable
for high current densities, whereas wider channel dimensions performed better at low
current densities. Lim et al. [16] divided the improved parallel flow channel into inlet,
middle, and outlet sections. In their study, they increased the channel width in the outlet
section. This generated a larger pressure drop in the collection region, thereby promoting
the flow of reactants toward the outlet and improving water removal within the channel.

Shallow channel flow field plates performed better than deep channels because the
pressure difference between adjacent channels in shallow channels was larger than that
in deep channels. This led to increased under-rib convection and enhanced oxygen
transport [17]. Using a two-dimensional anode model of a PEMFC, Xing et al. [18] also
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found that increasing the channel depth reduced the liquid water saturation under the
condition of short channel length. Wang et al. [19] developed a three-dimensional numeri-
cal model to investigate the influence of cathode parallel flow channel configuration on
liquid water transport in a PEMFC. They found that at operating voltages below 0.7 V, a
lower flow channel aspect ratio and a smaller channel cross-sectional area could enhance
the liquid water removal rate, thereby improving cell performance.

(2) Serpentine flow field

For serpentine flow fields, changing the number of parallel channels to alter the path
length of the PEMFC can affect its performance and uniformity. In general, a shorter path
length provided a more uniform current density distribution. Shimpalee et al. [20] showed
that as the path length increased, the pressure drop and water content also increased. The
serpentine design with short flow channels achieved more uniform distributions of local
temperature, water content and current density.

Apart from changing the path length, the optimization of the width, depth, and related
derived parameters of the serpentine flow field was also of great significance for improving
flow field performance and enhancing the electrochemical characteristics of the cell [21].
By adjusting channel width and height, it could reduce pressure loss, increase the oxygen
content on the catalyst surface and achieve a uniform oxygen distribution within the
catalyst [22]. For a triple-serpentine flow field design, Wang et al. [23] defined the channel
width ratio i as the ratio of the total channel width to the total cell width. The researchers
found that among the channel width ratios 1 of 0.4, 0.522 and 0.6, the device achieved the
optimal performance atn = 0.6.

The channel-to-rib width ratio was an important parameter affecting the efficiency
of PEMFCs. Under the condition of keeping the cell area and the number of channels
unchanged, the channel width and the rib width exhibited an inverse relationship [24].
Kerkoub et al. [25] found that reducing the channel width and increasing the rib width
could significantly improve the cell performance. When the channel-to-rib width ratio
was reduced from 2.66 to 0.25, the performance of the serpentine flow field design was
greatly enhanced by 20%. In addition, Wang et al. [26] used an isothermal two-phase
three-dimensional model to investigate two serpentine flow fields with six and ten channels.
They designed four-dimensional combinations consisting of channel width (W = 0.5 and
0.9 mm), channel depth (D = 0.5 and 1 mm), and rib width (B = 0.5 and 0.8 mm), as shown
in Figure 2. The results indicated that narrower channel and rib widths were beneficial for
enhancing under-rib convection, whereas a small channel cross-section led to an increased
pressure drop in the flow field. Therefore, a synergistic balance between the two was

required to achieve optimal flow field performance.

ITITITINITN

1-ND: Channel width=0.5 mm, rib width=0.5mm, depth=1mm, 10 channels/5 steps

2-NS: Channel width=0.5 mm, rib width=0.5mm, depth=0.5mm, 10 channels/5 steps

3-WD: Channel width=0.9 mm, rib width=0.8mm, depth=1mm, 6 channels/5 steps

4-WS: Channel width=0.9 mm, rib width=0.8mm, depth=0.5mm, 6 channels/5 steps

Figure 2. Geometric parameters of four different flow fields [26].
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The optimization of flow channel depth and channel cross-section aspect ratio (de-
fined as the height/width ratio) plays a significant role in the performance of PEMFCs.
Manso et al. [27] found that at low operating voltages, cell performance was independent
of the channel cross-section aspect ratio; at high voltages, as the channel cross-section aspect
ratio increased, the mass transport rate was enhanced, thereby significantly improving cell
performance. In addition, Zhang et al. [28] conducted research from the perspectives of peak
power density and current density distribution. The results showed that under a channel
width—depth combination of 1.2 mm-0.8 mm, the electrochemical performance of an eight-
channel composite serpentine flow field PEMFC was superior to that of the 1 mm-1 mm
width—depth combination. This confirmed the importance of properly matching the width
and depth parameters to enhance cell performance.

(8) Interdigitated flow field

As one of the important types of PEMFC flow fields, the optimization of channel
dimensions and the influence of related parameters on cell performance have also been
extensively studied for the interdigitated flow field. Zhang et al. [29] investigated the effects
of different outlet channel widths on cell performance and electrochemically active areas.
The performance of the interdigitated flow field with 0.5 mm outlet channels was 18%, 10%,
and 7% higher than 1 mm outlet at 0.75 'V, 0.5 V, and 0.4 V, respectively. Chen et al. [30]
established a two-dimensional model of an interdigitated flow field and simulated the
effect of outlet channel width on the performance of a PEMFC. The results showed that
the maximum molarity of oxygen at the outlet of 0.5 mm was 43.6% higher than that of
1 mm. They also resulted in more uniform electrolyte current density across the membrane
cross-section and improved water removal capability.

Using a cathode channel with greater height led to a decrease in PEMFC performance.
Since liquid water accumulates in the rib region, the larger the rib-to-channel width ratio
is, the lower the cell performance. However, when the rib-to-channel width ratio was
relatively large, the use of an interdigitated flow field design became more effective [31].
Wang et al. [19] found that for interdigitated flow field designs, the transport of reactants to
the porous layer mainly relied on forced convection, and water was primarily removed
by high shear forces. Consequently, the channel aspect ratio and cross-sectional area had
a relatively small impact on cell performance. Cell performance first increased and then
decreased with increasing aspect ratio or cross-sectional area. The channel aspect ratio for
achieving optimal cell performance was 1.00.

2.1.2. Number of Flow Channels

The number of flow channels had a significant impact on cell performance, and this
effect was particularly pronounced in serpentine flow fields. Depending on the number of
channels, serpentine flow fields could be classified into single-channel serpentine flow fields
and multi-channel serpentine flow fields [32]. Flow fields containing a smaller number of
channels usually exhibited superior distribution uniformity and fuel cell performance.

Limjeerajarus et al. [33] compared single-channel serpentine, three-channel serpentine,
and five-channel serpentine flow fields and found that flow fields with a smaller number of
channels provided better uniformity and cell performance. When the number of channels
was small, its impact on fuel cell performance was much greater than that of the flow
field geometry. However, as the number of channels increased, the structure’s influence
became more significant. In a study of the number of channel branches in serpentine
flow fields, Wang et al. [23] also compared the performance differences among single-
serpentine, double-serpentine, and triple-serpentine flow fields. They clearly pointed out
that the overall performance of the single-serpentine flow field was superior to that of the
double-serpentine and triple-serpentine flow fields.
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Liu et al. [34] designed two novel flow fields named the multistage serpentine flow
field and the multistage parallel serpentine flow field. Compared with the three-channel
serpentine flow field and the five-channel serpentine flow field, the average power densities
of the two new flow fields increased by 0.687% and 1.256%, respectively.

Zou et al. [35] found that a fuel cell with a ten-channel serpentine flow field had a
low operating pressure drop and suffered from poor under-rib mass transfer, which was
unfavorable for outlet water drainage. Wu et al. [36] quantitatively analyzed the liquid
water distribution in single-channel and four-channel serpentine flow fields. The results
showed that when operated at a current density of 1000 mA-cm?, the single-channel config-
uration achieved 7% and 21% higher performance than its dual-channel and four-channel
counterparts. Meanwhile, it exhibited a pressure drop around three times and seven times
larger than the two structures above. In addition, the four-channel serpentine flow field
was prone to severe flooding in the gas channels, leading to the largest voltage fluctuations.

2.2. Cross-Sectional Shape Design of Flow Channels

As the core carrier for reactant transport, product water removal, and current density
distribution, the cross-sectional shape of the flow channel in a PEMFC directly affects key
performance indicators such as cell performance, water management capability, and reac-
tant utilization efficiency. Common flow channel cross-sectional shapes include rectangular,
trapezoidal, parallelogram, triangular, stepped, semicircular, square, etc. Table 1 summa-
rizes the advantages and disadvantages of various flow channel cross-sectional shapes.

Mohammedi et al. [37] showed in their study that the triangular channel cross-section
exhibited the highest pressure drop, while the rectangular cross-section yielded the lowest.
Compared with the channel geometry that has an inverted semi-elliptical bottom and an
inverted trapezoidal top, the configuration with a trapezoidal bottom and an inverted
trapezoidal top performed best and reduced the power density loss by 4.65%.

Triangular, trapezoidal, and semicircular channels significantly enhanced liquid
water removal and improved oxygen utilization efficiency compared with rectangular
channels [38]. Triangular and semicircular channel cross-sections can boost the output
current of fuel cells by approximately 9%, thus enhancing their operating efficiency [39].
Among these, the triangular channel yielded the best cell performance, followed by the semi-
circular channel, trapezoidal channel, and rectangular channel in that order. Li et al. [40]
also found that changing the cross-sectional shape of the serpentine flow channel from
trapezoidal to triangular led to a higher local velocity of reactants near the gas diffusion
layer. This resulted in increased oxygen concentration, more reaction heat, and higher
current density, but reduced the uniformity of the current density distribution.

However, compared with parallelogram and trapezoidal shapes, the rectangular
channel shape enabled the fuel cell to achieve a higher voltage and better performance.
However, the trapezoidal channel cross-section was more favorable for reactant diffusion,
allowing for a more uniform distribution of reactants. This led to a more uniform local
current density within the reaction zone [41]. Sayan et al. [42] found that the inverted
trapezoidal design achieved 3% higher power density than the square one at 0.45 V. Due
to its smaller rib contact area and elevated ohmic resistance, the trapezoidal structure
achieved the poorest performance across all test voltages.

In addition to the typical cross-sectional shapes, Liu et al. [43] were inspired by dome
structures and designed a novel variable cross-section channel structure. This structure
combined raised features with the traditional parallel channel design, which accelerated
the flow of reactant gases and facilitated more effective entry of oxygen into the catalyst
layer. This also resulted in more uniform distributions of oxygen and current density at the
GDL and CL, thereby effectively improving the performance of the fuel cell.
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Table 1. The advantages and disadvantages of various cross-sectional shape designs of flow channels.

Cross-Sectional Shape View Advantages and Disadvantages

Lowest pressure drop and high voltage,

Rect 1
ectanguiar but poor water removal.
Favorable for reactant diffusion and
Trapezoidal uniform current density, but smaller rib
contact area increases ohmic resistance.
Parallelogram Moderate performance and less uniform
& reactant distribution than trapezoidal.
. Best cell performance and highest current
Triangular

output, but highest pressure drop.

Improved water removal and higher
power density than square, but higher
pressure drop.

Inverted trapezoidal

Better water removal and oxygen

Semicircular utilization than rectangular, but higher
pressure drop.
Square Standard baseline, but lower power
4 density than inverted trapezoidal.
Dome Stable voltage and stack temperature, but
average water and oxygen transport.
Optimal pressure drop, heat and water
Boot management, but severe dehydration in
galvanostatic operation.
Pentagon A stably high pressure drop, but the

lowest power density of all types.

H4ddE)DE)» bl

Thapa et al. [44] investigated six channel cross-sectional shapes: square, trapezoid,
dome, boot, pentagon and triangular. The results revealed that the boot-shaped cross-
section achieved an optimal pressure drop of 23.9 Pa, along with superior oxygen distribu-
tion, water and thermal management, and net power output. At a high current of 35 A, the
dome and square cross-sections maintained the highest and most stable potential, while
also keeping the stack temperature well-balanced. The pentagon cross-section was prone
to excessive cooling and water loss under high airflow conditions and achieved the lowest

peak power density.
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2.3. Baffle Design for Flow Channels

Inserting baffles into the cathode flow plate was a strategy to enhance oxygen diffusion
and water removal inside the PEMFC. When fluid flowed through the baffle, the flow
velocity underwent abrupt changes due to the disturbance, and the reactants were pushed
into the catalytic layer. This enhanced internal mass transfer in the fuel cell and increased
the reactant gas concentration in the flow channel. Compared with the conventional straight-
channel flow field, baffles could significantly promote oxygen diffusion and water removal
within the fuel cell, especially in the region around the baffles [45]. At high voltages,
conventional channels adequately facilitated gas transport, and baffles showed minor mass
transfer benefits. Atlow voltages, higher oxygen consumption led to oxygen deficiency
in standard channels, while baffled flow fields improved oxygen transport and achieved
superior performance [46]. A detailed analysis of baffle designs is presented below, based
on factors such as baffle shape, size, and arrangement.

2.3.1. Baffle Shape

The most common baffle shapes were rectangles, trapezoids, triangles, squares, etc.
Different baffle or blockage shapes exhibited different performance characteristics, and
many researchers had studied various baffle shapes.

Wei et al. [47] found that at 0.5 V, the average current densities of PEMFCs were
9843 mA/cm?, 1184 mA /cm?, 1165 mA /cm?, and 1109 mA /cm?, and the maximum power
densities of PEMFCs were 0.601 W/cm?, 0.755 W/cm?, 0.703 W/cm?, and 0.648 W/cm?
for baffle-free, rectangular, trapezoidal, and semicircular baffles, respectively. Therefore,
rectangular baffles achieved superior output performance.

Nevertheless, the output performance of some newly developed baffles was superior.
Huang et al. [48] investigated the transport phenomena in flow channels with six different
baffles. At an operating voltage of 0.4 V, cylindrical baffles yielded a current density
of 1.82 A/m?2, which was 28%, 5% and 2.9% higher than the baffle-free, triangular and
trapezoidal shapes, respectively. The current density distributions of the rectangular,
triangular, stepped and trapezoidal shapes only presented marginal deviations.

Hong et al. [49] also studied and evaluated the effects of five representative baffle
shapes on the flow characteristics and electrochemical performance of fuel cells. These
shapes included a rectangular baffle, two variants of trapezoidal baffles, and two variants
of triangular baffles. The results showed that rectangular and trapezoidal baffles exhibited
the best performance at moderate blockage levels. In contrast, triangular baffles, due to
their lower flow resistance, demonstrated better adaptability at high blockage levels.

2.3.2. Number, Height, and Angle of Baffles

In recent years, many researchers have conducted extensive studies on baffle structure
design, parameter optimization, and performance influence mechanisms.

Increasing the baffle height improved mass transfer and increased output power.
Perng et al. [50] found that using trapezoidal baffles with a large angle and large height
could significantly improve local reactant transport, heat transfer efficiency, and liquid
water removal efficiency in PEMFCs. Compared with a traditional gas channel without
baffles, a novel gas channel equipped with trapezoidal baffles with an angle of 60° and a
height of 1.125 mm could maximize the net power of the fuel cell by approximately 90%.

Researchers have made improvements based on conventional single baffles. Belchor et al. [51]
proposed a parallel serpentine-baffle flow field plate design that could retain moisture
in the flow channel, thus exhibiting better performance compared to the serpentine flow
field plate. Wang et al. [52] also investigated a novel flow field structure with trapezoidal
baffles arranged at unequal heights and unequal spacing. This structure could significantly
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enhance the convection effect, thereby further improving the mass diffusion efficiency,
water removal capability, and overall performance of the PEMFC. With the gradual increase
in baffle height and reduction in baffle spacing, this design raised the maximum power
density by 9.67% compared with the conventional baffle-free flow field.

Intelligent algorithms could be adopted to select the optimal baffle height for specific
operating conditions and achieve the best optimization effect. Gao et al. [53] used an artifi-
cial neural network surrogate model combined with a non-dominated genetic algorithm II
to optimize the blockage height in each channel. This method effectively reduced the liquid
water volume fraction inside the flow channels and achieved superior water management
capability, further increasing the net power density by 4.6%.

Increasing the number of baffles helped to enhance the mass flux and improve the
uniformity of reactant distribution, but it also led to an increase in flow field pressure drop,
which might consequently cause performance degradation of the PEMFC [54]. Ye et al. [55]
showed that the output power density increased gradually as the number of baffles rose.
For flow channel units with three, five, seven and nine baffles, the output power density
grew by 8.22%, 11.10%, 13.77% and 14.91%, respectively. Meanwhile, the pressure drop also
increased markedly, and the resulting pressure drop led to a significant increase in the extra
power loss consumed by the auxiliary components of the fuel cell system. However, the
increase in extra power loss was smaller than the increase in power output. Hong et al. [49]
also showed in their study that while increasing the number of baffles promoted mixing
and improved oxygen availability, excessive obstruction led to increased flow resistance,
thereby reducing the performance gain.

The inclination angle of the baffle was also an important parameter affecting the
output performance of the PEMFC. When the angle of the triangular baffle was set to 45°,
the output performance of the fuel cell reached its peak. In addition, compared with the
conventional serpentine flow field, when the output current density reached 0.8 A/ cm?,
the power density of the 2° tapered channel was improved by a maximum of 12.65% [56,57].
Yin et al. [58] showed in their study that a larger leading angle of the baffle block led to a
higher gas velocity component in the vertical direction, which could effectively enhance
the convective transport of oxygen; however, it simultaneously reduced the convective
area and oxygen delivery efficiency in the channel. A larger trailing angle of the baffle
block induced the back-flow phenomenon at the rear of the baffle block, which led to the
loss of gas pressure and poorer oxygen transport. The final results showed that when
both the leading and trailing edge inclination angles were set to 45°, the trapezoidal baffle
block achieved the best oxygen transport performance, and the corresponding fuel cell
performance also reached its optimum.

2.3.3. Arrangement of Baffles

The arrangement of baffles or blockages had a significant impact on performance, with
the staggered arrangement being the most widely used and effective. Figure 3 shows the
staggered baffle arrangement.

To uniformly push the reactant species into the gas diffusion layer, Heidary et al. [59]
placed blockage blocks in a staggered arrangement within the interdigitated flow field. The
flow channel blockage increased the limiting current density and the maximum net power
by 9% and 22%, respectively.

Wang et al. [60] found that both the parallel trapezoidal baffle flow field (PTBP) and
staggered trapezoidal baffle flow field (STBP) generated over-baffle convection around the
baffles, which was beneficial for mass transfer from the flow channel to the electrode. STBP
flow fields also induced over-rib convection, further improving the uniformity of reactant
distribution and water management capability. The maximum net power enhancement of
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the STBP flow field reached 6.39% and 2.54% compared with the conventional parallel flow
field and PTBP flow field, respectively.

Figure 3. Schematic of the staggered arrangement of baffles [59].

2.3.4. Novel Baffle

In addition to traditional rectangular and trapezoidal baffles, some novel baffle struc-
tures have also been proposed to enhance fuel cell performance.

Liu et al. [61] proposed a novel helical baffle flow field and demonstrated that while
inducing forced convection, the helical baffle generated cross-flow beneath the ribs, thereby
enhancing oxygen supply in both directions. Subsequently, they found that a smaller
pitch, larger diameter, and appropriate height and inclination angle could enhance the
intensity of gas convection and effectively improve fuel cell performance. Compared with
the conventional flow field, this novel flow field improved cell performance by 5.12%
to 12.68% [62]. Cai et al. [63] studied a novel ship-like baffle cathode flow field, which
could enhance mass transfer while generating relatively low extra power consumed by the
auxiliary components. The sloping “bow” of the baffle helped to enhance mass transfer
downward and the sloping “stern” of the baffle helped to further split the droplets already
divided by baffles into smaller ones and threw them into the upper part of the channel.
Yang et al. [64] proposed the water-drop curved baffle, which could effectively improve
the overall performance of high-temperature PEMFCs, but also led to an increase in the
pressure drop. The configuration with four baffles achieved superior performance, resulting
in a net power density of 0.368 W /cm?, which represented a 5.74% increase compared to
the basic channel without baffles. Zhao et al. [65] also developed a low-resistance baffle
structure inspired by a bionic airfoil. This structure significantly improved the uniformity
of oxygen and gaseous water distribution while maintaining a low pressure drop and
achieved a 6.28% performance increase over traditional designs.

Zhang et al. [66] designed a flow field with a half-baffle arrangement, which could
reduce the pressure drop while maintaining current density distribution uniformity.
Deng et al. [67] proposed an improved three-part trapezoidal baffle flow field and showed
that the improved three-part baffle flow field could reduce the flow velocity near the baffles,
thereby enhancing the mass transfer performance. The maximum net power of the novel
flow field increased by 4.8% and 1.8% compared with the conventional parallel flow field
and the ordinary trapezoidal baffle flow field, respectively.

In biomimetic flow field design, baffle structures also play an important role.
Fahruddin et al. [68] investigated the effect of baffles on the performance of a PEMFC
with a bio-inspired leaf flow field. While maintaining a moderate pressure drop, this design
could guide fluid flow toward low-resistance regions, resulting in more uniform flow
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distribution among the branches. The addition of baffles in the main channel increased
the current density and power density of PEMFCs up to 18.29%. Based on a leaf vein
biomimetic flow field structure with 10 branch channels on one side of the main channel,
Xia et al. [69] added bionic streamlined blocking blocks inside the branch channels to
construct a composite bionic flow field. The study found that the composite bionic flow
field was beneficial for improving the performance of the PEMFC, and resulted in more
uniform distributions of reactant gas and current density.

3. Flow Field Design

In a PEMFC, the substances generated by the electrochemical reaction mainly accu-
mulate in the flow field on the cathode side of the bipolar plate. Meanwhile, the oxygen
introduced to the cathode relies on the flow field structure to enhance its diffusion efficiency.
The flow field design on the bipolar plate directly determines the transport pathways and
distribution uniformity of the reactant gases (hydrogen, oxygen/air) over the electrode
surface, while also affecting the removal efficiency of produced water and the stability of
the temperature field inside the cell. These factors influence the mass transfer efficiency,
water management capability, pressure drop, and power density of the fuel cell [70,71].
Therefore, the optimization of the cathode flow field in PEMFCs is crucial.

Conventional flow fields such as the parallel flow field (shown in Figure 4a), serpen-
tine flow field (shown in Figure 4b), and interdigitated flow field (shown in Figure 4c)
have received widespread attention in early research and practical applications due to their
simple structures and ease of fabrication. However, each has obvious limitations: although
the parallel flow field has low pressure loss, the uneven distribution of reactant gases could
easily lead to flooding; the serpentine flow field enhanced water removal and gas mixing
but suffered from high pressure loss and extra power loss consumed by the auxiliary com-
ponents; and the interdigitated flow field improved mass transfer efficiency through forced
convection but resulted in increased energy loss due to its structural characteristics [72,73].
To break through the performance limitations of conventional flow fields, novel flow field
designs continued to emerge, including biomimetic flow fields based on the fluid transport
characteristics of natural organisms, such as leaf-inspired bionic flow fields (Figure 4d),
lung-inspired bionic flow fields (Figure 4e), and tree-inspired bionic flow fields (Figure 4f);
3D flow fields that utilized three-dimensional spatial structures to optimize mass transfer;
metal flow fields that employed metallic materials to enhance electrical conductivity and
mechanical strength; and composite flow fields that combined the advantages of multiple
conventional flow fields, among others [74]. These novel flow fields had shown signifi-
cant potential in improving gas distribution uniformity, which provided a new technical
pathway for PEMFC performance improvement. Table 2 summarizes the advantages and
disadvantages of various flow fields.

(a) (b) (c)

Figure 4. Cont.
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(d)

(e)

Figure 4. Schematic diagrams of typical flow field structures for PEMFCs: (a) parallel, (b) serpentine,
(c) interdigitated, (d) leaf-inspired bionic, (e) lung-inspired bionic, and (f) tree-inspired bionic.

Table 2. The advantages and disadvantages of various flow field designs.

Flow Field Design

Advantages

Disadvantages

Author and Year

Parallel Flow Field

Low pressure drop, easy
fabrication and low
production cost

Severe rib flooding and
uneven gas distribution
under high current

Pellegri et al., 1980 [75]; Wang et al., 2012 [76];
Chen et al., 2022 [77]; Wang et al., 2022 [78];
Wang et al., 2022 [79]; Tian et al., 2024 [80];
Fu et al., 2025 [81]; Velisala et al., 2018 [82];

Qi et al., 2002 [83]

Serpentine Flow Field

Uniform reactant supply,
reliable water removal and
mass transfer

High overall pressure
drop and excessive
auxiliary pumping loss

Babay et al., 2024 [84]; Enearu et al., 2018 [85];
Dong et al., 2019 [86]; Kaiser et al., 2025 [87];
Zuo et al., 2025 [88]; Boni et al., 2025 [89];
Suresh et al., 2011 [90]; Abdulla et al., 2021 [91];
Duc et al., 2025 [92]; Saminathan et al., 2023 [93];
Zhang et al., 2026 [94]

Interdigitated Flow Field

Forced convection and
optimal anti-flooding at
high density

High flow resistance and
possible GDL mechanical
damage

Wang, 2015 [95]; He et al., 2000 [96];

Yan et al., 2006 [97]; Hu et al., 2004 [98];
Wang et al., 2004 [99]; Hu et al., 2009 [100];
Bhattarai et al., 2019 [101];
Mohammadtabar et al., 2016 [102];

Peng et al., 2011 [103]; Peng et al., 2011 [104];
Moslemi et al., 2022 [105]; Deng et al., 2024 [106];
Asadi et al., 2024 [107]

Combine the advantages
of multiple structures

Complex channel design
and difficult fabrication

Hamrang et al., 2022 [108]; Fan et al., 2025 [109];
Gao et al., 2024 [110]; Seving, 2026 [111]

High mechanical strength,
excellent
electrical/thermal
conductivity and high
volumetric power density

Corrosion issues and
potential long-term
durability concerns

Makkus et al., 2000 [112]; Tawfik et al., 2007 [113];
Wu et al., 2025 [114]; Awin et al., 2019 [115];
Makkus et al., 2000 [116]; Wang et al., 2004 [117];
Tanaka et al., 2014 [118]; Gao et al., 2023 [119];
Li et al., 2024 [120]; Kim et al., 2026 [121];
Wang et al., 2026 [122]; Wu et al., 2024 [123]

Overcome flooding at low
flow rate, and strengthen
oxygen transport

May cause uneven
velocity distribution

Ghasabehi et al., 2021 [124];
Timurkutluk et al., 2018 [125];
Huang et al., 2022 [126];
Chowdhury et al., 2017 [127];
Chowdhury et al., 2018 [128]

Generate flow disturbance
and enhance
oxygen transport

Excessive pressure loss
and insufficient

oxygen supply

Kuo, 2006 [129]; Li et al., 2026 [130];
Ding et al., 2020 [131]; Seyhan et al., 2017 [132];
Chen et al., 2025 [133]; Wang et al., 2025 [134];
Wang et al., 2026 [135]

Uniform distribution of
reaction mediums

Complex self-similarity
regions and difficult
fabrication

Wen et al., 2017 [136]; Ma et al., 2025 [137]

Homogenize reactant gas
distribution and boost
internal mass transfer

efficiency

Raise pressure drop due
increased number
of bends

Li etal., 2025 [138]

Low pressure drop and
uniform reactant
distribution

Prone to flow stagnation
zones and water
accumulation

Zaffora et al., 2024 [139]; Dang et al., 2025 [140];
Tan et al., 2025 [141]

Composite Flow Field
Metal Flow Field
Conical
Wavy
Novel Flow Intersectant
Field
Zig-zag
Pin
Spiral

Generate secondary
vortices and strengthen
heat and mass transfer

Complex curved passages
and high pressure drop

Jang et al., 2012 [142]; Yao et al., 2023 [143]
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Table 2. Cont.

Flow Field Design

Advantages

Disadvantages

Author and Year

Leaf-shaped

Uniform gas distribution,
low pressure drop and
efficient water drainage

Lung-shaped

Branch channels prone to
water blockage

Zheng et al., 2025 [144]; Wang et al., 2026 [145];
Kloess et al., 2009 [146]; Kang et al., 2019 [147];
Dong et al., 2020 [148]; Xiao et al., 2025 [149];
Huang et al., 2024 [150]; Zhu et al., 2025 [151];
Ghadhban et al., 2021 [152]; Wang et al., 2025 [153];
Fahruddin et al., 2019 [154]; Lian et al., 2020 [155]

Bio-Inspired

Lung-shaped
Flow Field tng-shape

Spider-web

Low pressure drop, better
reactant transport and
water removal

Complex fractal branching
and weak anti-flooding
capacity

Mufioz-Perales et al., 2023 [156];
Bethapudi et al., 2021 [157];
Ghanbari et al., 2024 [158]; Xie et al., 2026 [159];
Lu et al., 2024 [160]

Tree-shaped

Low flow pressure drop,
uniform fluid distribution
and large effective
active area

Weak anti-flooding
capacity and susceptible
to liquid water blockage.

Stephenson et al., 2015 [161]; Wan et al., 2023 [162];
Tan et al., 2022 [163]; Liu et al., 2025 [164];
Lorenzini-Gutierrez et al., 2013 [165];
Damian-Ascencio et al., 2017 [166];

Chen et al., 2023 [167]

Self-humidifying Flow Field

Enhance proton
conductivity and improve
low-humidity

Pore flooding under high
current densities and local
gas starvation

Jiang et al., 2026 [168]; Lian et al., 2022 [169];
Lian et al., 2023 [170]; Qiao et al., 2024 [171];
Wang et al., 2024 [172]; Tong et al., 2021 [173]

performance

In recent years, researchers both domestically and internationally have conducted
extensive and in-depth studies on PEMFC flow field design. Most researchers compared the
characteristics and overall performance of different flow fields by examining factors such
as flow distribution, velocity distribution, concentration distribution, and pressure drop
within the flow channels. For example, Maia et al. [174] studied commonly used flow field
designs, serpentine, double-serpentine, parallel, interdigitated, and pin-type, and examined
the concentration distribution, velocity distribution in the porous regions of the fuel cell,
and the pressure drop in the flow channels, using computational fluid dynamics modeling.
Wang et al. [175] compared the performance of six flow field configurations using a modified
general model: (a) single serpentine, (b) two-path serpentine, (c) three-channel serpentine,
(d) six-channel serpentine, (e) parallel, and (f) interdigitated. Their results quantitatively
and systematically demonstrated that different flow field designs significantly affected
flow distribution and pressure drop. Therefore, it was clear that flow field design had a
significant impact on various aspects of PEMFC performance, and the industry had already
implemented several improvement measures to enhance its performance. A systematic
analysis of each conventional flow field design and its improved novel flow field designs is
presented below.

3.1. Parallel Flow Field

The parallel flow field design was first patented by Pollegri and Spaziante in 1980 [75].
It consisted of multiple parallel path channels directly connected to the channel inlet and
outlet, and it was one of the most basic flow channel configurations on the bipolar plate
of a fuel cell. The parallel flow field evenly distributed the fluid into multiple parallel
channels, which could reduce the pressure drop and featured a simple structure with low
processing cost. However, the parallel flow channel suffered from uneven flow resistance,
and under high current conditions, problems such as uneven reactant distribution and weak
water removal capability occurred [76]. Typically, the following measures were adopted to
improve the conventional parallel flow field in order to address the above issues.

3.1.1. Auxiliary Channels

Compared with the porous electrode beneath the flow channel, the porous electrode
beneath the rib region faced lower local oxygen concentration and more severe flooding
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issues. Researchers have integrated auxiliary under-rib channels into the parallel flow field
to address this problem.

Based on innovative improvements to the conventional parallel flow field, Chen et al. [77]
and Wang et al. [78] designed a novel flow field structure by embedding auxiliary channels
inside partially hollow ribs and drilling a series of arrayed holes in the auxiliary channels, as
shown in Figure 5. This novel flow field design effectively enhanced battery performance
under high current density while maintaining good electrical conductivity. Through
reasonable optimization of the flow field geometry and the number and length of the
auxiliary channels, further improvements in battery performance and current uniformity
could be achieved with very low pressure loss, laying the foundation for subsequent
enhancement of battery performance and optimization of the flow field.

15mm 1L5mm 0.6 mm
< > > < >

A Q
0.8 mm
v

* 0.6 mm
v

3.0 mm 2.0 mm

Conjunction hole Aty ilanael == Rcactant gascs Liquid water  Arrayed hole

Arrayed hole
Main channel

embrane
(L - SRS R AR RIB A

GDL-+ Auxiliary
channel

Water removal

Conjunction hole

Figure 5. The parallel flow field design with auxiliary channels [78].

The coupling optimization scheme that combined auxiliary channel design with other
optimization strategies generally achieved a greater performance improvement than single
optimization methods. This “synergistic effect” could break through the optimization bot-
tleneck of a single variable and realized a significant leap in the macroscopic performance
of the cell.

Wang et al. [79] analyzed and compared conventional parallel flow fields, wave flow
fields, and auxiliary wave flow fields. The results indicated that the periodic wave structure
and auxiliary channels generated dual-region forced convection, forcing more reactants to
be transported to the gas diffusion layers beneath both the channels and the ribs, thereby
significantly improving cell performance.

Tian et al. [80] developed a coupling-optimized parallel flow field PEMFC that com-
bines under-rib auxiliary channels with a gradient-porosity GDL. The auxiliary channels
enhance gas mixing and uniform distribution, improving oxygen mass transfer; the poros-
ity gradient enhances capillary water drainage and alleviates flooding. Compared with a
conventional parallel flow field, the synergistic effect led to a 16.7% increase in maximum
power density and a 20.6% expansion in current range. Its performance was significantly
superior to that achieved by single-structure optimization.

3.1.2. Double-Path Flow Field

The dual-path flow field was primarily equipped with two sets of independent gas
inlet and outlet ports, with the inlet of one flow passage located near the outlet of the other.
Moreover, in any segment of the electrode active area, the reactants in adjacent channels
flowed in opposite directions, allowing the dry inlet gas to directly acquire moisture from
the adjacent wet channel. This not only made better use of the water generated by the fuel
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cell itself to humidify the dry reactants, but also eliminated the uneven reactant distribution
problem of conventional single-path designs [81,82].

Figure 6 illustrates a double-path-type flow field design. Qi et al. [83] proposed
a dual-path flow field design and demonstrated that this design allowed the incoming
dry gas to become humidified by acquiring some moisture from the exhausted wet gas.
Moreover, in any part of the active area, the drier gas in one flow path could share moisture
from the wetter gas flowing in the other flow path. By comparing the single-path design
with the dual-inlet and dual-outlet design, Lim et al. [15] showed that the multi-inlet and
multi-outlet design achieved more uniform fluid distribution and a gradual pressure drop
from the inlet to the outlet, which helped improve the performance of the PEMFC.

—_

e~

——
—

Figure 6. A double-path-type flow field design: solid and empty arrows were used to show the flow
of reactant [83].

3.2. Serpentine Flow Field

The classic serpentine flow structure featured an unbroken main channel. On the flow
field plate, the channel formed successive 180° bends, directing reactant gas to sweep over
the electrode surface in a winding route. Such a curved layout covered the entire electrode
active region, delivering uniform reactant supply, reliable water removal, and excellent
mass transfer performance. However, as the reactant gas flows along the serpentine channel,
it is continuously consumed by the catalyst layer, causing the gas concentration to gradually
decay along the flow direction [84]. In addition, the long single channel with multiple turns
generated substantial frictional and bend-related flow losses. A prominent pressure gradi-
ent existed from the inlet to the outlet, and the overall pressure loss was much higher than
that of parallel flow designs [85]. Accordingly, relevant improvements were implemented
on the conventional serpentine flow field to resolve the aforementioned problems.

3.2.1. Number of Channel Bends

The flow field structure directly determines the mass transfer efficiency of the reactant
gases and the liquid water removal capability. With its continuously bent channel structure,
the serpentine flow field can generate high flow velocities and strong shear forces within
the channels, enabling efficient liquid water transport [86].

As a critical structural parameter of serpentine flow fields, the quantity of channel
bends exerts a remarkable influence on the temperature uniformity, output properties,
and water management performance of fuel cells. Moderately increasing the number of
bends helped to extend the gas coverage within the flow field and improve the uniformity
of current density distribution. However, an excessive number of bends could increase
flow resistance, leading to a higher pressure drop, which ultimately reduces the overall
performance of the fuel cell [87].

Wang et al. [23] found that increasing the number of bends reduced the equivalent
cross-sectional area of the channel, thereby increasing the reactant flow velocity under the
same inlet flow rate. In addition, more channel corners enhanced flow disturbance, forcing
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more oxygen to penetrate into the GDL. This improved the local oxygen mass flow rate
and utilization efficiency, consequently enhancing the cell output performance.

Zuo et al. [88] found that the five-bend channel structure yielded 7.2%, 27.9% and 35.3%
higher net power density than the parallel flow field, conventional serpentine flow field, and
two-bend channel structure, respectively. The findings indicated that appropriately raising
the bend count effectively elevated cathode oxygen levels and optimized the uniformity of
oxygen distribution, thereby achieving better comprehensive mass transfer performance
compared with conventional flow field structures.

3.2.2. Novel Serpentine Flow Field

To enhance the performance of serpentine flow fields, researchers have proposed many
other novel optimization strategies.

Boni et al. [89] investigated several novel channel designs, including a wide serpen-
tine flow field, a single-serpentine flow field, a wavy serpentine flow field, and a split
serpentine flow field. Among the various channel configurations, the split serpentine flow
field showed the best performance, while the wavy serpentine flow field exhibited the
poorest performance. The branched structure of the split serpentine flow field enabled a
more uniform distribution of reactant gases and reduced the pressure drop across the flow
field, thereby helping to improve performance and energy efficiency and extend the service
life of the fuel cell. Based on the conventional split serpentine flow field, Suresh et al. [90]
proposed a novel flow field layout called the Enhanced Cross-flow Split Serpentine Flow
Field (ECSSFF). This structure enhanced cross-flow in regions prone to flooding, efficiently
removing liquid water accumulated at the bends. It achieved uniform reactant distribution
across the active area of the cell and a low pressure drop throughout the flow field, effec-
tively reducing the extra power loss consumed by the auxiliary components. In a recent
study, Abdulla et al. [91] extended the ECSSFF channel layout to a square cross-sectional
cell. The study found that the square cross-sectional PEMFC with a four-channel ECSSFF
design on the cathode side outperformed the five-channel serpentine flow field. Bene-
fiting from a stronger cross-flow effect, this structure achieved a more uniform reactant
distribution over the catalyst layer, resulting in a 10% increase in current density at 0.3 V, a
6.5% improvement in peak power density, and a 20% reduction in channel pressure drop.

Based on the conventional serpentine flow field, Duc et al. [92] developed novel U-
shaped and L-shaped flow field designs. Among these, the U-shaped structure featured
low pressure drop and good under-rib convection and the L-shaped structure had more
bends and exhibited a higher pressure drop but offered advantages in enhancing forced
convection. The enhanced under-rib convection increased oxygen concentration in the
GDL and reduced the water content, thereby improving both the water content within the
membrane and the uniformity of current density. Janaki et al. [93] achieved an improvement
by dividing the conventional serpentine flow field channel into three segments. In each
segment, the channel length first decreased and then increased, allowing for a smoother
gas flow path. The improved novel flow field achieved more uniform gas distribution and
better water management, resulting in higher power output.

In a recent study, Zhang et al. [94] proposed a novel Conjugate Bionic Double-
Serpentine Flow Field structure. The curved channels and rounded corner structures
reduced the risk of liquid water stagnation, enabling smoother gas-liquid transport within
the channels and effectively mitigating flooding issues. Compared with the conventional
serpentine flow field, the conjugate double-serpentine flow channel structure effectively
shortened the gas transport path and enhanced the turbulence effect within the channels. It
increased the oxygen transport velocity by 30.9% and effectively improved the gas supply
and distribution uniformity in the reaction zone.
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3.3. Interdigitated Flow Field

The interdigitated flow field was composed of two groups of parallel, staggered
channels, namely inlet and outlet passages. The two sets of channels were arranged
alternately, with the channel ends closed. These channels were placed in an alternating
pattern with sealed ends. Gas was unable to travel straight along the channels and had
to cross the gas diffusion layer under the ribs, moving sideways from inlet passages to
outlets before exiting. In the GDL, the transport mechanism of some reactant gases changed
from diffusion to forced convection, forcing the reactants to flow completely through the
diffusion layer [95,96].

The forced transverse convection caused the gas to pass through the entire GDL and
CL. Such cross-flow improved reactant distribution across the CL, and the elevated flow
speed helped to eliminate accumulated liquid water in relevant areas. This alleviated
the cathode electrode flooding issue, and thus significantly enhanced the current density.
Therefore, the performance of the interdigitated flow field was generally superior to that of
the conventional parallel flow field [97,98].

However, the interdigitated flow field had discontinuous channels and multiple dead
ends. Although it enhanced convective mass transfer within the porous electrode, the
forced convection of reactant gases through the diffusion layer generated a large pressure
drop. At the same time, due to the relatively high gas flow velocity, the gas diffusion
layer might be damaged, leading to a decline in fuel cell performance [99]. Typically, the
following measures are adopted to improve the conventional interdigitated flow field to
address the above issues.

3.3.1. Slotted Design

In 2009, Hu et al. [100] first proposed a slotted-interdigitated flow field. Researchers
cut grooves on the ribs of standard interdigitated flow fields in this new design. The
structure maintained the core characteristics of traditional interdigitated configurations
and eliminated the fully closed layout of original ribs. It improved mass transfer efficiency
in the CL and reduced flow resistance, resulting in a pressure drop significantly lower than
that of the conventional interdigitated flow field. In addition, this design provided drainage
channels for liquid water, suppressing flooding and reducing pressure loss [101,102].

In this design, the clamping force between the GDL and the flow field plate caused
non-uniform compression of the GDL. This led to GDL intrusion into the reactant gas
channels, which significantly affected flow distribution. This problem prompted numerous
scholars to carry out further research on such slotted structures. Figure 7 illustrates the
slotted-interdigitated flow field. Peng et al. [103] divided the middle section of this slotted-
interdigitated flow field into three regions and proposed an optimization scheme: the slot
depth in the central channels should be smaller than that in the side channels, while the
slot width should be larger than that in the side channels. This could effectively eliminate
the uneven flow distribution and achieve higher reaction performance [104].

3.3.2. Novel Interdigitated Flow Field

To enhance the performance of interdigitated flow fields, researchers have also pro-
posed many novel optimization strategies.

In their study on liquid water transport within the compressed microporous layer
and GDL of a PEMFC with an interdigitated flow field, Moslemi et al. [105] found that
the drainage duration reached the best state at a porous transport layer compression rate
of 85%. In addition, a thicker microporous layer lowered the liquid water volume inside
the porous transport layer. These conclusions provide references for subsequent flow field
optimization work.
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Figure 7. The slotted-interdigitated flow field [103].

Deng et al. [106] proposed a porous-channel interdigitated flow field structure. The
results showed that, compared with the interdigitated flow field, the porous-channel in-
terdigitated flow field could further increase the dissolved water content in the cathode
catalyst layer. This improved the water retention performance and mass transfer effi-
ciency of the PEMFC under low humidity conditions. At the same time, it reduced ohmic
losses and concentration losses, resulting in a 7.8% improvement in cell performance.
Asadi et al. [107] compared the wavy interdigitated flow field with serpentine, conven-
tional interdigitated, tapered interdigitated, and spiral interdigitated flow fields. The results
showed that the wavy interdigitated flow field possessed the strongest reactant convection
and diffusion transport capabilities, significantly improving the reaction rate and power
density. It also achieved uniform water saturation and reduced the likelihood of flooding.

3.4. Composite Flow Field

Composite flow fields integrate the features of two or more distinct flow channel
structures on a single bipolar plate. It can reduce pressure drop and improve reactant
mass transfer efficiency and water management capability, thereby optimizing cell per-
formance and stability. Combining flow fields with different geometric structures and
functional characteristics was an effective and universal design approach to overcome the
inherent limitations of a single flow field configuration. In recent years, researchers have
explored novel composite flow field schemes to fully combine the strengths of different
channel designs.

The novel serpentine—interdigitated composite flow field adopted a unique structural
layout. At the inlet section, only the middle flow channel remained open, whereas the bilat-
eral channels were sealed. Conversely, the central channel was closed at the outlet, while
the lateral channels were kept unobstructed. This innovative structure leveraged the pres-
sure gradient among adjacent channels to induce intensive forced cross-rib convection. The
proposed flow configuration substantially strengthened the internal mass transfer behavior
and achieved homogeneous oxygen distribution across the catalyst layer. Meanwhile, it
mitigated liquid water saturation and alleviated the water flooding phenomenon [108].

Fan et al. [109] developed a novel composite flow field by integrating the respective
characteristics of the conventional serpentine flow field and the interdigitated flow field.
Only partial uneven distribution of liquid water saturation emerged at the outlet region,
which prevented the occurrence of localized water flooding. Due to the very complex
channel design, the pressure drop was between that of the serpentine flow field and the
interdigitated flow field. Moreover, the complex flow channel structure increased the
difficulty and cost of manufacturing, which had become a key direction for subsequent
optimization and improvement of this novel composite flow field.
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In a recent study, Gao et al. [110] found that in the combined block and sub-channel
flow field, the flow velocity in the main channel increased significantly when the fluid
encountered the blocks, forcing more oxygen to penetrate through the GDL and reach the
CL. Furthermore, the sub-channels assisted in fluid transport, increasing the oxygen concen-
tration beneath the ribs and consequently improving the uniformity of oxygen distribution.

Sevinc [111] proposed a novel composite flow field structure named “ser-pin”, which
integrates the geometric features of serpentine and pin-type channels. The innovative
composite structure efficiently weakens internal concentration gradients, improves the
contact efficiency between reactants and catalyst surfaces, and facilitates homogeneous tem-
perature distribution across the reactive zone. Although the increased channel complexity
led to a slight rise in pressure drop, the overall performance improvement was significant,
compensating for the shortcomings of traditional single flow fields.

3.5. Metal Flow Field

The bipolar plate is one of the key components of a PEMFC. They undertake multiple
critical functions, including the uniform delivery of fuel and air and the isolation of internal
gas and coolant leakage. In early research, graphite was widely adopted for bipolar
plate fabrication, owing to its excellent electrical conductivity and corrosion resistance.
Nevertheless, graphite-based bipolar plates possessed unavoidable limitations, such as
high fabrication expenses, inferior mechanical performance, and low volumetric power
density. In contrast, metallic thin plates exhibited outstanding mechanical stability, superior
electrical and thermal conductivity, as well as excellent stamping formability, compared
with traditional graphite counterparts [112]. Currently, aluminum, stainless steel, titanium,
and nickel are often considered as possible alternative materials for bipolar plates in
PEMFCs [113].

Wau et al. [114] added nickel foam into the channels of a parallel flow field, using the
nickel foam as a flow distribution layer to completely replace the channels and ribs on the
cathode. The nickel foam flow field could eliminate local mass transfer bottlenecks, achieve
uniform distribution and efficient transport of oxygen and product water, and significantly
reduce the risk of flooding under high current density. Awin et al. [115] used aluminum
foam as the flow field. Compared with the graphite bipolar plate, the conversion efficiency
was 9.9% higher for the metal foam design, and its weight was 27.8% lower.

Nowadays, stainless-steel materials have garnered extensive research interest, owing
to their high mechanical strength, excellent chemical stability, low gas permeability, great
scalability for mass production, and cost advantages. More critically, stainless-steel bipolar
plates presented low corrosion rates and enabled PEMFCs to maintain stable output perfor-
mance over thousands of operating hours. Therefore, stainless steel is a highly promising
bipolar plate material [116,117]. Tanaka et al. [118] used a stainless-steel corrugated mesh
as both the flow field and the GDL. Experimental results demonstrated that this unique
structure mitigated the water flooding problem effectively.

To enhance the performance of metal flow fields, researchers have also proposed many
novel optimization strategies. Combining the metal foam flow field with other flow fields
yielded a new flow field with better performance and effectively addressed the drawbacks
of the original flow field. Gao et al. [119] combined the metal foam flow field with the
traditional rib flow field and proposed a composite foam-rib flow field structure. This flow
field improved oxygen transport and water drainage capability beneath the ribs, thereby
increasing oxygen concentration and current density.

Li et al. [120] proposed a composite foam /serpentine flow field that combined the
enhanced transport characteristics of the metal foam flow field with the well-defined main
flow direction of the serpentine flow field. Its maximum power density was significantly
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higher than those of the metal foam flow field and the parallel serpentine flow field.
Kim et al. [121] also found that this novel flow field combined the directional convection of
the serpentine channel with the multi-directional diffusion in the metal foam, improving
reactant transport and mitigating concentration losses under high-load operation.

In a recent study, Wang et al. [122] proposed a novel metal foam-leaf vein stratified
flow field, successfully addressing the issues of uneven reactant distribution in metal foam
flow fields and the persistent under-rib transport limitations or constraints imposed by
specific inlet/outlet arrangements in bio-inspired flow fields. Building upon the original
metal foam flow field, Wu et al. [123] integrated a fractal manifold into the metal foam
flow field design. Compared with the conventional metal foam flow field, this novel
design achieved better cell performance, lowered mass transfer resistance, and consistently
maintained lower liquid water content.

3.6. Novel Flow Field
3.6.1. Conical Flow Field

Conical flow fields are generally divided into two types: converging and diverging.
The flow channel converges or diverges linearly along the flow direction. Such structural
characteristics overcome the water flooding defect that easily occurs in traditional parallel
flow fields under low-flow-rate operating conditions. Meanwhile, the conical layout
strengthens oxygen delivery from flow channels to the CL and substantially mitigates
the mass transfer restriction of fuel cell reactions. This provides a new approach for the
structural optimization of parallel flow fields in PEMFCs [124].

Timurkutluk et al. [125] improved the conventional parallel flow field structure us-
ing converging and diverging design concepts. The improved tapered parallel flow field
achieved superior mass transfer and water drainage capacities compared to conventional
parallel flow configurations. This optimized structural design successfully boosted the peak
power density of fuel cells by 16%, achieving a remarkable performance advancement for
PEMFCs. Huang et al. [126] proposed a novel conical serpentine flow field that promoted
droplet aggregation and rapid removal and maintained excellent water management. By
optimizing the corner structure of flow channels, the modified design significantly en-
hanced mass transfer efficiency and gas distribution uniformity in contrast to conventional
serpentine flow fields. The optimized configuration increased the maximum power density
by 3.75% and reduced the cathode pressure drop by 58.4%.

Chowdhury et al. [127] designed the inclined channel depth from the inlet to the outlet
of the serpentine flow field in four different specifications (1.5 mm-0.5 mm, 2.5 mm-1.5 mm,
3 mm-1.0 mm, 3.5 mm-0.5 mm). Experimental results show that the converging flow field
(1.5 mm-0.5 mm) enhanced the power density of fuel cells by 16% and exhibited the best
performance. In a follow-up study, Chowdhury et al. [128] found that reducing the channel
depth facilitates better reactant diffusion and reduces water concentration in the reaction
zone. It also strengthened oxygen transport, which elevated fuel concentration within the
confined channel space. Furthermore, the reduction in the depth gradient between inlet
and outlet passages further improved current density values and realized a more consistent
current distribution across the cell surface.

3.6.2. Wavy Flow Field

The cross-sectional dimensions of wavy flow channels shrank periodically during
gas operation, which produced a vertical flow component for reactant gases, changed the
internal fluid motion path, and enhanced flow disturbance. This structural optimization
strengthened oxygen transportation toward the cathode GDL and CL and water manage-
ment capability, and efficiently improved the internal mass transfer efficiency within flow
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channels [129]. Many researchers both domestically and internationally have conducted
extensive studies on wavy flow channels, developing a variety of optimization strategies
that provide new pathways for improving performance.

Li et al. [130] found that the wavy flow field significantly increased local gas flow
velocity. The periodic flow disturbances induced by the waveform structures effectively
facilitated both lateral and longitudinal mass transport. Ding et al. [131] further found
that in a parallel flow field, the adoption of wavy gas channels enhanced the peak power
density of fuel cells by 13.44%. However, oxygen delivery in interdigitated and serpentine
flow fields relied primarily on secondary convection. This inherent transport characteristic
greatly weakened the positive optimization effects of wavy channel structures, so the
performance of cells showed no obvious enhancement.

The potential of wavy flow fields has not yet been fully explored. Seyhan et al. [132]
investigated the effect of sinusoidal wavy channels with different amplitudes on the per-
formance of PEMFCs. Wavy channels with a small amplitude could utilize the wave
structure to induce flow oscillation, enhance oxygen diffusion capability, and promote wa-
ter drainage. They simultaneously reduce associated losses and exhibit better performance
than wavy channels with a large amplitude.

In a recent study, Chen et al. [133] designed a novel composite flow field structure by
combining the serpentine flow field with the wavy flow field. This flow field promoted
the uniform distribution of reactant gases and current density and facilitated rapid water
flow. Wang et al. [134] comparatively studied the parallel flow field, sinusoidal wave flow
field, opposite sinusoidal wave flow field, and staggered opposite sinusoidal flow field.
Compared with the conventional parallel flat flow field, the novel staggered opposite sinu-
soidal flow field consistently outperformed the other three structural designs and achieved
a 9.46% improvement in net power output. In addition, Wang et al. [135] further optimized
the structural design of wavy flow channels, proposing variable cross-section wavy flow
channels. Compared with conventional wavy flow channels, the variable cross-section
wavy channel structure effectively improved water removal efficiency and addressed the
issues of excessive pressure loss and insufficient oxygen supply in conventional rectangular
wavy channels.

3.6.3. Other Novel Flow Fields

Figure 8a shows the intersectant flow field. Wen et al. [136] proposed a novel intersec-
tant flow field for metal bipolar plates in PEMFCs. In this design, there were independent
exits and inlets for each single self-similarity intersectant region to ensure the uniform
distribution of reaction media or products, enabling higher power and current densities
compared to the single-serpentine flow field. Ma et al. [137] proposed a rhombic flow field
with an intersecting structure, in which the originally straight channel edges were modified
into three types of inward-curved structures. The optimized structure maximized the peak
power density of proton exchange membrane fuel cells, with a maximum performance
improvement of 6.78%.

Li et al. [138] optimized the conventional straight parallel flow channels of a PEMFC
by incorporating a zigzag geometry. The zigzag structural design homogenized the distri-
bution of reactant gases within flow channels and significantly boosted the internal mass
transfer efficiency of reactants. The design, equipped with a 45-degree, seven-bend zigzag,
achieved a 10.1% enhancement in peak power output.

Figure 8b shows the pin flow field, which exhibits characteristics such as low pressure
drop and uniform reactant distribution. It could generate local vortices, enhance convective
mass transfer to the CL, and improve reaction efficiency and power density [139]. However,
it was prone to forming flow stagnation zones, and water easily accumulated in low-
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velocity regions. Dang et al. [140] analyzed the characteristics of liquid water accumulation,
transport, and removal in the cathode of a fuel cell with a hexagonal pin flow field. The
hexagonal pin flow field generated a more uniform and stronger velocity in the Y-direction.
This led to excellent performance even under very low pressure loss, which facilitated the
uniform distribution of reactants and water [141].
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Figure 8. Schematic diagrams of novel flow field structures: (a) the intersectant flow field [136],

(b) pin flow field, (c) spiral flow field.

Figure 8c shows the spiral flow channel. Jang et al. [142] conducted a numerical
simulation of the performance of a PEMFC with a spiral flow channel and experimentally
validated the numerical predictions. Compared with the serpentine flow fields, the spiral
channel structure generated secondary vortexes. This strengthened the heat and mass
transfer effects inside curved flow passages and increased the average current density
by 11.9%. In order to improve the related design, Yao et al. [143] in the present work
proposed a new spiral flow field with a bypass. The reaction gas entered the flow field in
the central path and diffused in two directions through the flow channel and the bypass.
This structural optimization expedited oxygen transportation across flow passages and
elevated the overall oxygen utilization efficiency of the fuel cell system.

In a recent study, Liang et al. [176] designed a five-inlet radial flow field bipolar plate to
address the poor stackability of radial flow fields. The results showed that under the same
operating conditions, this structure achieved lower pressure loss and higher current density
and power density than conventional serpentine and parallel flow fields. Increasing the
branch channel width and decreasing the rib width can improve gas distribution uniformity
and reduce the risk of blockage.

3.7. Bio-Inspired Flow Field

The flow field inside the bipolar plate plays a crucial role in controlling flooding,
ensuring proper water management within the cell, preventing flooding, and improving
cell performance under high current density. Bio-inspired flow field designs based on
Murray’s Law—which states that the cube of the main channel diameter equals the sum
of the cubes of the secondary channel diameters to minimize energy consumption—have
attracted extensive attention from researchers due to their ability to effectively distribute
fluids, as well as their low pressure drop and good water management [177,178]. The
formula of Murray’s law is shown in Equation (4).

r03:1‘13+r23+1‘33+--~ 4)

3.7.1. Fractal Flow Field Design

In 2004, Tiiber et al. [179] first proposed the multi-channel fractal design based on
the combination of fractal distribution channels and parallel transport channels. This
new fractal approach achieves uniform and continuous flow distribution while reducing
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pressure drop by using a multi-branch structure with biological fluid channels. However,
the channels of the fractal system were prone to water blockage, leading to uneven reactant
distribution. The performance of PEMFCs with fractal channels was superior to a parallel
design but inferior to a serpentine design.

Cho et al. [180] also proposed a finite element model of a PEMFC with a fractal-
branching, lung-inspired flow field, and determined the effect of the branch generation
number N on GDL thickness and fuel cell performance. The fractal flow field contained self-
similar, repeatedly branching H-shaped channels, allowing a single inlet to branch into 4V
outlets via flow paths of equal length. This enabled the use of a thinner GDL and improved
the uniformity of reactant concentration at the flow field interface. Trogadas et al. [181]
demonstrated in their study that lung-inspired fractal flow fields with branch genera-
tion numbers N = 3 and N = 4 reduced the pressure drop by 75% and 50% relative to
conventional serpentine designs, reducing the power consumption required for reactant
pressurization and recirculation. At current densities above 0.8 A-cm~?2, the flow field with
N = 4 generations homogenized reactant distribution in the CL, improving cell performance
by 20% and 30% under 50% and 75% RH, respectively.

Despite the fact that fractal flow field layouts enhanced fuel cell performance via
uniform gas distribution and reduced internal entropy generation, they possessed several
non-negligible limitations: 1. fractal flow structures exhibited weak anti-flooding capacity
and were susceptible to liquid water blockage, which triggered inhomogeneous gas disper-
sion and unstable current output [182]; 2. the shape and size of the flow channels imposed
stringent requirements on manufacturing, limiting their fabricability.

Therefore, further refinement and optimization by researchers are still needed in the
future. Bethapudi et al. [183] employed a function of polarization technique to detect the
internal hydrodynamics of two different fractal flow field PEMFCs, namely one-way and
two-way fractal PEMFCs. These were achieved by monitoring the corresponding acoustic
activity generated by them. The results showed that the two-way fractal PEMFC had a
larger contact area between the flow field and the MEA, and lower ohmic resistance than
the unidirectional fractal structure. However, it exhibited relatively higher acoustic activity
and was affected by cell flooding. In contrast, although the one-way fractal flow field had a
smaller contact area, it allowed water to be directly discharged from the cell surface.

3.7.2. Bio-Inspired Design

In recent years, bio-inspired design has become an important direction for the opti-
mization of bipolar plate flow channels. Through millions of years of natural selection
and evolution, the natural fluid distribution systems in plants and animals have devel-
oped highly optimized structures, enabling critical functions such as fluid transport, sub-
stance distribution, and waste removal with extremely high efficiency. These functions are
highly consistent with the core missions that bipolar plate flow channels are required to
undertake [184]. In nature, the leaf vein networks of plant leaves, the airway branching of
human lungs, and tree-like branching structures, by virtue of their unique branching con-
figurations and fractal characteristics, achieve uniform fluid distribution and low-resistance
transport. They also achieve efficient mass exchange within confined spaces, facilitating
uniform reactant distribution and better water management [185,186].

Many researchers have begun to investigate the influence of nature-inspired flow
fields on the performance of PEMFCs. Common types of bio-inspired flow fields include
leaf-shaped, lung-shaped, tree-shaped, and novel biomimetic flow fields. Each type of flow
field is analyzed individually below.
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Leaf-Shaped Flow Field

The leaf vein system of plant leaves exhibits a typical fractal branching structure. The
main vein serves as the core channel, branching stepwise into secondary and tertiary veins,
ultimately extending to every region of the leaf. This hierarchical branching design enables
uniform transport of water and other nutrients, as well as efficient oxygen removal, char-
acterized by low resistance, uniform distribution, and good transport performance [144].
Based on the leaf vein system of plant leaves, the leaf-shaped flow field ensured that the
reactant gases more uniformly covered the entire electrode active area and that the velocity,
pressure, and reactant concentration on the catalyst surface were more evenly distributed.
It also formed efficient water drainage pathways, significantly reducing flooding problems
and reactant supply deficiencies [145].

In 2009, Kloess et al. [146] first proposed a leaf-like flow field (for specific structural
details, refer to Kloess et al. [146]). The leaf-type flow field exhibited lower pressure loss
than the single serpentine and interdigitated flow patterns, and its gas distribution to the
GDL was more uniform.

The performances of bio-inspired flow fields based on different plant leaves vary significantly.

Kang et al. [147] developed and simulated reticulate vein flow fields based on ginkgo
biloba leaves and dicotyledonous plant leaves (for specific structural details, refer to
Kang et al. [147]). The ginkgo leaf flow field exhibited a 40% higher net power density than
conventional parallel flow channels and a 21% higher net power density than dicotyledon
leaf flow fields. Meanwhile, its inlet power consumption was merely 3% of that required
by traditional serpentine flow channels.

Based on bio-inspiration principles and Murray’s law, Dong et al. [148] designed a
bio-inspired flow field structure using the four-leaf clover plant as the natural biological
prototype (for specific structural details, refer to Dong et al. [148]). This novel flow field
plate not only improves the uniformity of reactant gas distribution and reduces the pressure
drop within the channels, but also increases the maximum output power by 114% compared
to a parallel flow field fuel cell.

Xiao et al. [149] designed a bio-inspired flow field structure using the vein structure
of gardenia leaves (a dicotyledonous plant) as the bionic prototype (for specific structural
details, refer to Xiao et al. [149]). Increasing the inlet channel width reduced the gas flow
velocity and prolonged the reactant residence time. As the angle increased, the power
tended to rise slowly.

Huang et al. [150] adopted a leaf-vein-like structure and proposed the leaf bionic
flow field (for specific structural details, refer to Huang et al. [150]). The main channel
outlet of this flow field was tapered and had a segmented three-stage structure. The design
took drainage requirements into account, and the newly added straight channels could
effectively remove liquid water from the channels and enhance mass transfer.

Zhu et al. [151] also designed a leaf-shaped biomimetic flow field. Compared with
parallel and serpentine flow fields, the leaf-shaped flow field improved power density by
12.89% and 4.31%, respectively. For this flow field, the average liquid water saturation in
the GDL and the pressure drop was lower than that of the serpentine flow field. At the same
time, both the reactant transport efficiency and the uniformity of oxygen distribution on
the catalyst layer surface were significantly improved. Ghadhban et al. [152] also proposed
a novel leaf vein flow field derived from biological systems. The biomimetic flow field
lacked straight-through channels between the inlet and outlet, which increased the pressure
difference and forced water to flow through the GDL. Therefore, the average reactant flow
velocity and concentration within the GDL, as well as the water management capability,
were significantly improved.
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The leaf-shaped design has shown promising potential for supplying air reactants
in PEMFCs. The inlet width of the main channel and the angle between the main and
secondary channels significantly affected the performance of the biomimetic flow field.
Increasing the main channel inlet width and optimizing the bifurcation angle could no-
tably improve reactant distribution uniformity. Consequently, many researchers have
investigated structural improvements of the leaf-shaped flow field.

Wang et al. [153] found that the angle between the main and secondary channels could
regulate the fluid flow velocity and the temperature distribution. An angle of approximately
25° yielded the best performance, but resulted in a higher pressure drop. Increasing the
channel height and width could enhance water management capability while reducing
the pressure drop and improving reactant distribution uniformity. However, this led to an
increase in the membrane electrode assembly voltage and temperature, as well as a decrease
in the outlet reactant concentration. Fahruddin et al. [154] indicated that channel width in
a biomimetic flow field affected reactant transport efficiency. Reasonably increasing the
channel width at the inlet of the main channel made the oxygen concentration distribution
on the cathode side more uniform, thereby ensuring more stable oxygen supply. This
optimized design could increase current density and power density by 5.49% and 5.55%,
respectively. Lian et al. [155] established a three-dimensional isothermal single-phase model
of a leaf-vein-inspired biomimetic flow channel and conducted experiments using a single
cell. The study found that appropriately increasing the angle between the main channel
and the sub-channels helped improve oxygen distribution uniformity and facilitated the
removal of excess water, thereby enhancing PEMFC performance.

The number of branches is also a major factor affecting the leaf-shaped flow field.
Xia et al. [67] designed an improved leaf vein biomimetic flow field by taking advantage
of the characteristics of the leaf vein network structure. The results showed that the leaf
vein biomimetic flow field offered significant advantages, including lower pressure drop,
more uniform reactant gas distribution, and higher output power. Among the designs, the
leaf vein biomimetic flow field with 10 branch channels on one side of the main channel
achieved the best output power, which was 5.894% higher than that of the conventional
serpentine flow field.

Lung-Shaped Flow Field

The trachea served as the primary channel and successively branched into bronchi,
enabling air to reach every part efficiently. It facilitated rapid gas exchange of oxygen
and carbon dioxide, while blood carried away the exchanged gases in a timely manner.
The lung-inspired flow field was a biomimetic channel design that drew on the transport
morphology of biological lungs, combining the geometric advantages of serpentine and
interdigitated flow fields. It achieved higher current density at lower pressure losses [156].

In 2009, Kloess et al. [146] first proposed the lung-inspired flow field (for specific
structural details, refer to Kloess et al. [146]) and analyzed a 25 cm? cell unit based on the
lung design through numerical simulation and experimental testing. The lung-inspired
flow field exhibited lower pressure drop, improved reactant transport, and enhanced water
removal capability. Under operating conditions of 65-75 °C, 2 atm back pressure, and 100%
relative humidity, its peak power density was up to 30% higher than that of the conventional
serpentine flow field. Bethapudi et al. [157] showed in their study that the lung-inspired
flow field fuel cell exhibited higher surface temperature, better electrochemical performance,
and more uniform current distribution. In contrast, the single-serpentine flow field fuel
cell suffered from non-uniform current distribution due to cell flooding. Furthermore, the
single-serpentine cell experienced flooding, while the lung-inspired cell did not.
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Based on the lung flow field, researchers have proposed many new flow field de-
signs. Ghanbari et al. [158] proposed a converging—diverging lung-shaped serpentine
(CDLIS) flow field consisting of two symmetrical lung-like structures and a repeating
contraction—expansion pattern (for specific structural details, refer to Ghanbari et al. [158]).
The CDLIS possessed efficient mass transfer capability, stronger convective effects, and
excellent current density, enabling the most effective water management. Furthermore, it
effectively reduced the risk of flooding and significantly improved output power.

Xie et al. [159] proposed a novel expanding—straight—contracting flow field (for specific
structural details, refer to Xie et al. [159]). Compared with the conventional serpentine flow
field and CDLIS, it enhances membrane hydration and liquid water expulsion, increasing
oxygen mole concentration, oxygen distribution uniformity, and net power, thereby signifi-
cantly improving the output performance of the PEMFC. In a recent study, Lu et al. [160]
designed a lung-inspired hybrid flow field with three functional layers. These layers
were the reactant distribution layer, directional transport layer, and water removal layer,
which together formed a multistage H-type bifurcation structure. The results show that,
compared with the conventional parallel flow field, the maximum net power density
increased by 16.55%. Moreover, this structure achieved more effective mass transfer, bet-
ter velocity distribution, more efficient water management, and more favorable pressure
drop characteristics.

Tree-Shaped Flow Field

The tree-shaped flow field originated from the natural tree-like branching systems
found in nature, such as tree roots and branches. This flow field featured a hierarchical
structure of a main channel, secondary channels, and terminal branches. It had consistent
morphology and branching angles across different levels, composed of units of the same
shape [161]. Currently, there are three common types of tree-like fractal network structures,
T-shaped, Y-shaped, and H-shaped, as shown in Figure 9. These basic microchannels can
be fabricated and combined into complex fractal tree-like channel networks [162].

@) (b) (©)

Figure 9. Schematic diagram of three fractal tree-like structures: (a) H type, (b) Y type, and (c) T
type [162].

Tan et al. [163] proposed a novel Y-shaped tree-like flow field based on the design
concepts of Constructal Theory and Murray’s law. This new flow field effectively reduced
parasitic losses caused by pressure drop within the flow channels, thereby achieving energy
savings for the fuel cell system. Wan et al. [162] further investigated the flow field of
a PEMFC with a Y-shaped tree-like fractal structure. Derived from Murray’s law, the
optimal angle of 75° for symmetric bifurcating flows was proven suitable for fuel cell
flow field design, improving the transport characteristics of reactant gases and the overall
performance of PEMFCs. Liu et al. [164] adopted an H-shaped tree-like fractal structure at
the flow field inlet to construct a novel flow field. This inlet fractal configuration initiated
primary branching at the base fractal node, was subdivided into two secondary branched
channels, and was further extended to form tertiary fractal structures. In comparison with
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composite serpentine flow fields, this innovative design facilitated more homogeneous
distribution of hydrogen and oxygen reactants within the cell.

Tree-like flow structures achieve the advantages of low flow pressure drop and uniform
fluid distribution. Increasing the bifurcation levels of tree-shaped layouts expanded the
effective active reaction area, which helped fuel cells attain higher current density and
power output [165]. Damian-Ascencio et al. [166] also considered four different dendritic
structures. The number of leaf vein bifurcations and their inclination angles were used
as characterization parameters. The results showed that the structure with a secondary
bifurcation angle of 37° was highly efficient in removing water from the cathode flow
channel, thereby generating favorable current density. Furthermore, by increasing the
number of bifurcations, the PEMFC produced higher current density and lower entropy
generation. Chen [167] also proposed a novel tree-shaped fractal cooling flow field for
fuel cell bipolar plates. This flow field not only achieved better coolant distribution and
temperature uniformity but also successfully addressed the issue of excessive pressure
drop in the cooling flow field, thereby reducing power loss.

Other Types of Biomimetic Flow Field Designs

To improve water management performance and the uniformity of reactant distribu-
tion in fuel cells, researchers have developed various biomimetic structures.

Xie et al. [187], inspired by the spider-web structure, proposed a novel spider-web-type
flow field. In this flow field, the polygon shape and the number of spiral channel layers
were key design parameters. Although at high current densities its voltage and power
density were lower than those of the serpentine flow field, it exhibited a lower pressure
drop and better oxygen distribution and water removal. This avoided the limitation of the
serpentine flow field caused by excessive pressure drop. Guo et al. [188] also proposed an
optimized design of a spider-web biomimetic flow field. Compared with the serpentine
flow field, when the spiral channels and diagonal channels were symmetrically arranged
on the main channel connecting the inlet and outlet, the peak current density increased
by 2.31%. Meanwhile, the pressure loss was reduced by 96.07%, which helped improve
oxygen utilization efficiency and thereby reduced the operating cost of the fuel cell.

This flow field exhibited good fluid distribution and heat transfer uniformity.
Wang et al. [189] found that the spider-web-inspired channel significantly reduced high-
temperature regions on the membrane while optimizing the water content distribution, min-
imizing its variation. Fan et al. [190] integrated the structures of interdigitated flow fields
and conventional spider-web flow fields to propose a biomimetic spider-web flow field.
The results indicated that increasing the number of inlets and outlets, making the main inlet
flow channel intermittent, and interconnecting the main outlet flow channels significantly
improved water distribution and reduced pressure drop within the porous electrodes.

Liu et al. [191] proposed a bamboo-inspired flow channel and integrated it into the
cathode side of an air-cooled PEMFC. The introduction of bamboo nodes induced localized
flow disturbances that enhanced the intensity of multi-physics field transport. Compared
with the conventional parallel flow channel, the bamboo-inspired configuration improved
the output by 2.17%. Parameter optimization showed that increasing the length, width,
and number of bamboo nodes further improved power output and transport uniformity.

Wang et al. [192] proposed and designed a bio-inspired auxiliary fishbone-shaped
flow field. This novel flow field significantly enhanced under-rib mass transfer and water
removal capability, and made reactant and saturation distributions more uniform, thereby
improving fuel cell efficiency and operational stability.

Cai et al. [193], inspired by the fins of cuttlefish, designed a bio-inspired wave-like
structure and applied it to the flow channels of a fuel cell. The results showed that compared
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with conventional straight channels, this wave-like channel altered the flow direction and
velocity of the gas and made it easier for reactants in the central region of the channel
to diffuse into the GDL, thereby increasing the current density. Moreover, compared
with ordinary wave-like channels, this novel channel structure preserves flow space on
both sides of the channel, thus reducing flow resistance and effectively decreasing the
pressure drop.

These research results demonstrate that bio-inspired structures can indeed play a
positive role in the design of flow fields for PEMFCs, thereby enhancing electrochemical
performance. This provides new ideas for the development and innovation of flow fields.

To improve mass transport efficiency while reducing pressure loss in PEMFCs,
Wang et al. [194] proposed a bionic fish-scale porous flow field. At an operating voltage of
0.2V, this structure reduced the pressure drop by 44.92% compared with the serpentine
flow channel and raised the current density by 36.58% relative to the parallel flow channel.
At 0.4V, its peak power density was improved by 8.13% and 27.82% versus the serpentine
and parallel flow channels, respectively. Zhou et al. [195] proposed a bio-inspired lotus-
root-shaped flow field design, which combined wavy main channels with sub-channels.
Compared with the conventional parallel flow field, this structure significantly promoted
under-rib transport through transverse inter-rib paths and improved the spatial uniformity
of multi-physics field distributions.

Inspired by the arc-shaped structure and staggered arrangement of fish scales,
Chen et al. [196] designed a fish-scale-based biomimetic flow field. It featured wider sub-
channel inlets, and its arc-shaped geometry helped fluid flow more smoothly from the main
channel into the sub-channels. Compared with conventional parallel flow fields, this flow
field design achieved a 9.3% rise in power density and a 5.47% decrease in pressure drop.

3.8. Self-Humidifying Flow Field

Appropriate humidification was found to enhance proton conductivity and reduce
ohmic resistance for PEMFCs, thereby increasing output power and overall efficiency. Fur-
thermore, a steady-state humidified environment inside the fuel cell allowed the generated
water to uniformly wet the entire CL, promptly replenishing dry spots caused by local high
temperatures or high current densities. This maintained the integrity of proton transport
pathways within the CL, thereby accelerating electrochemical reactions. Therefore, precise
control of the water content in the fuel cell system was considered crucial for improving
system stability and reliability [168].

Among existing flow field designs for fuel cells, porous flow fields have been found to
exhibit excellent self-humidifying performance due to their highly controllable pore space
and structural flexibility. Lian et al. [169] proposed a novel porous flow field architecture
based on metallic fibers featuring continuous capillary channels and strong capillary suction.
This structure effectively retained moisture and enhanced the back diffusion of water vapor
from the cathode to the anode, thereby achieving self-humidification. At 50 °C, when the
porosity was optimized to 70%, the flow field increased the limiting peak power density
by 18.75%.

Lian et al. [170] found that by adopting a diffusion channel configuration with a width
of 1 mm, a spacing of 7 mm, eight channels, and type-A geometry (type A was perpendicu-
lar to the direction of the flow field inlet and outlet lines), the optimized fiber-based porous
self-humidifying flow field fuel cell achieved a peak power density of 0.810 W/cm?, which
represented a 15.21% increase over the original design.

Qiao et al. [171] adopted a patterned alkaline CL in the cathode. By optimizing the
water management mechanism, they significantly improved the fuel cell performance
under low-humidity conditions. When the patterned alkaline CL was distributed at a ratio
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of 25% in the central region of the cathode, the resulting fuel cell achieved a peak power
density of 1.02 W-cm~2 at 10% relative humidity, which was 31.72% higher than that of a
cell without the alkaline CL. Wang et al. [172] introduced a novel CL structure composed
of a one-dimensional TiO; nanoarray and Pt/C catalyst. Under low-humidity conditions,
it achieved a peak power density of 689.36 mW-cm~2, which corresponded to 93% of the
performance obtained at 100% RH.

Tong et al. [173] designed a self-humidifying channel, as illustrated in Figure 10. This
design blended low-humidity and high-humidity gases inside self-humidification channels
to balance gas humidity, thereby optimizing water and heat distribution within the PEMFC.
When the self-humidifying flow channel was positioned at a distance of 5 mm from the
centerline, the cross-convection flow channel achieved optimal water-heat distribution and
output performance.

Bipolar plate Flow channel Self-humidifying
N

Figure 10. Schematic diagram of self-humidifying flow channel: the solid line represents the self-
humidifying flow channel [173].

3.9. Commercial Application Status

Among overseas manufacturers, the first-generation Toyota Mirai adopted a fish-
scale-like three-dimensional fine-mesh flow channel on a coated stainless-steel substrate,
achieving high volumetric power density. The second-generation model switched to planar
cathode channels with a tapered structure to reduce manufacturing costs. The Honda
Clarity used corrugated wavy flow channels combined with a counter-flow arrangement to
enhance under-rib convection and self-humidification [197]. The Hyundai NEXO applied a
composite flow field structure that combines slotted serpentine and interdigitated finger-
like patterns [198]. Ballard installed graphite multi-serpentine flow fields in its stationary
stacks and upgraded its heavy-duty products to metallic serpentine channels with a tapered
cross-section.

Domestic enterprises have mainly applied three types of flow fields in commercial
vehicles: multi-serpentine, width-tapered, and wavy designs. Weichai Power adopted seg-
mented tapered serpentine channels in its heavy-duty truck stacks. SinoHytec developed
a solution combining standard serpentine channels with auxiliary under-rib channels for
medium-power stacks. SAIC and SHPT (Shanghai Hydrogen Propulsion Technology) have
installed partially width-tapered wavy flow fields on their passenger car prototypes.

For industrial selection, 3D or metallic wavy flows were preferred for compact pas-
senger cells and cost-saving tapered /wavy structures prevailed for domestic heavy-duty
vehicles [199].
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4. Three-Dimensional Flow Field

The three-dimensional (3D) flow field passed through the undulating spatial structure,
which endowed the gas flow field with velocity components both in the plane and vertical
directions of the membrane electrode, thereby enhancing the convective mass transfer of
gas toward the CL. In recent years, 3D flow fields for fuel cells have attracted the attention
of researchers. This paper introduced 3D flow fields in detail, classifying them into 3D
fine-mesh flow fields, 3D graphene foam flow fields, 3D metal foam flow fields, and other
new types of 3D flow fields.

4.1. Three-Dimensional Fine-Mesh Flow Field

Mirai from Toyota developed a 3D fine-mesh flow field, which improved water man-
agement and mass transport in the fuel cell stack. As a result, it had drawn extensive
scholarly attention and research [200].

Kim et al. [201] first proposed a two-phase model of PEMFCs considering Forch-
heimer’s inertial effect to investigate the liquid water and mass transfer behavior inside
the 3D complex flow field PEMFC. They found that the 3D complex flow field enhanced
the liquid water removal capability within the flow channels and promoted liquid water
removal from the GDL. Furthermore, the special structures could disturb fluid flow and
induce convection phenomena. This significantly increased the oxygen concentration in
the CL region, thereby enhancing output power under high-current-density conditions.

Figure 11 illustrates the three-dimensional fine-mesh flow field. Zhang et al. [202]
also found that a three-dimensional refined mesh flow field could achieve a more uniform
distribution of reaction rates within the CL by significantly increasing the mass transfer
area between the GDL and the flow field, alongside a design featuring perpendicular flow
of hydrogen and air.

Figure 11. Schematic of PEMFC with 3D fine-mesh flow field [202].

Yu et al. [203] constructed a three-dimensional multiphase computational fluid dy-
namics model of a PEMFC incorporating a 3D fine-mesh flow field. The 3D fine-mesh
flow field consisted of divided cells and collection grooves. These flow channels featured a
contracting section and a gradual height variation, causing the gas to undergo repeated
splitting, merging, and disturbance. Therefore, this structure reduces the angle between
the gas flow and mass transfer direction, enhances oxygen concentration and distribution
uniformity, and improves water removal capability.

In a recent study, Sun et al. [204] established a PEMFC model with a 3D fine-mesh
flow field and investigated it using a three-dimensional computational fluid dynamics
model. The results showed that as the porosity of the 3D fine-mesh structure increased,
the local flow velocity rose and the oxygen partial pressure drop decreased. Based on the
traditional flow field, Sun et al. [205] proposed three novel three-dimensional flow fields: a
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metal foam flow field, a fine-mesh flow field, and a wire-mesh flow field. Compared with
two-dimensional flow fields, the three-dimensional flow fields not only significantly en-
hanced the mass transfer process and improved output performance but also induced forced
convection of the fluid, further enhancing the diffusion and dispersion of reactant gases.

4.2. Three-Dimensional Graphene Foam Flow Field

Graphene foam is composed of an interconnected, flexible graphene network that can
serve as a transport pathway for charge carriers. This material simultaneously possesses the
structural advantages of metal foam and the unique characteristics of graphene. Therefore,
since the flow field was made solely of graphene, the corrosion issues associated with metal
foam were no longer a concern [206].

Park et al. [207] applied graphene foam as the flow field in PEMFCs to enhance cell
performance under high-current-density conditions. This compressed graphene foam
formed smaller in-plane pores and more tortuous reactant transport paths within the
membrane electrode assembly, thereby accelerating the diffusion rate of reactants into the
gas diffusion layer. Furthermore, the graphene foam MEA exhibited lower mass transport
resistance than conventional MEA because the graphene foam was more favorable for the
transport of reactants and water.

Conventional serpentine flow field designs employed two-dimensional channels
and rib structures, which often led to water accumulation, hindering reactant transport
and interfering with water removal. However, in the study by Jang et al. [208], hy-
drophilic polymer grafting into the patterned region of 3D multilayered graphene (MLG)-
coated Ni foam was proposed to improve water management in fuel cells, as shown
in Figure 12. The cell provided gas transport paths through the hydrophobic surface of
graphene and direct water removal paths through the patterned hydrophilic regions. This
design consequently improved mass transfer and boosted PEMFC performance under
high-current-density conditions.

(a)

. - Multi-layered Graphene —
Inner Quartz- Ni Foam £ Coated Ni Foam \

| Tube

Gas\"

Selective Hydrophilic Polymer Multi-layered Graphene Coated Ni Foam
Grafting on the Patterned Region with Hydrophilic Patterned Region
. -

(b) 0, Plasma

s Gas Diffusion
Layer

Catalyst Layer

Figure 12. Schematic illustrations of preparation of MLG-coated Ni foam with patterned wettability:
(a) growth of MLG on Ni foam, (b) selective grafting of hydrophilic polymer on MLG-coated Ni
foam [208].

4.3. Three-Dimensional Metal Foam Flow Field

Porous metal materials combine the inherent advantages of the base material—such
as electrical conductivity, thermal conductivity, and plasticity—with unique properties like
porosity and specific surface area, enabling their widespread application in fluid distri-
bution, heat transfer, and other fields. In PEMFCs, they were primarily used in the form
of metal foam [209]. Metal foam flow channels offered superior water retention, more
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uniform species distribution, and more uniform current density distribution. However,
this flow field lacked a dominant flow direction and exhibited localized low-flow regions.
More importantly, the pressure drop required for metal-foam-based flow channel designs
was approximately three times that of parallel flow channel designs, posing challenges for
reactant gas transport and water management in metal foam flow fields [210,211]. Conse-
quently, many researchers have begun to focus on metal foam flow fields and investigate
structural improvements.

Khatib et al. [212] used an open-pore cellular foam material to construct porous metal
foam flow channels. The porous metal foam flow channels exhibited higher permeability,
and the temperature and water management within the porous channels were superior
to those of serpentine flow channels. Under the same operating conditions at 0.4 V, the
fuel cell with porous flow channels outperformed the one with serpentine flow channels,
achieving a 55% increase in current density. In addition, Zhang et al. [213] found that the
current collection area on the GDL surface was significantly reduced in metal foam flow
fields. However, due to the fine porous structure of the metal foam and the good physical
contact formed with the GDL, the corresponding ohmic loss did not increase substan-
tially. Compared with conventional channel-rib flow fields, metal foam flow fields could
effectively make the internal distributions of oxygen and current density more uniform.

Figure 13 illustrates the metal foam flow field under low-relative-humidity and pres-
surized conditions. When foam materials were employed under low-humidity and pres-
surized conditions, water entrained in the gas and water produced by electrochemical
reactions were stored within the pores. The fuel could utilize the residual water retained in
the pores for humidification, thereby improving fuel cell performance [214]. Using X-ray
scanning technology, Lv et al. [215] reconstructed the three-dimensional structure of the
GDL and the metal foam flow field in a PEMFC. Compared with hydrophobic metal foam,
a reasonably designed patterned wettability metal foam could significantly improve several
performance aspects. These improvements include reducing the liquid water coverage at
the foam interface, enhancing vertical gas convection within the GDL, and optimizing the
pressure and gas velocity distributions in the metal foam flow field.

gaseous reactants

metallic gas diffusion layer

water stored within the pores

Figure 13. Schematic diagram of the metal foam flow field under low RH and pressurized conditions [214].

Porous metal foam materials have been proposed as alternative flow fields for PEMFCs,
and their pore size or porosity level is an important factor affecting the performance of the
metal foam flow field. In a uniform-pore-size metal foam flow field, reducing the pore size
helped improve output performance and enhanced the uniformity of oxygen and current
density distributions. The smaller the pore size, the higher the pores per inch (PPI), which
means more pores per unit length and higher porosity of the material [216].

With the development of research, non-uniform pore size flow fields have gradually
attracted researchers’ attention, and their performance often surpasses that of uniform-
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pore-size structures. Zhang et al. [217] found that, compared with parallel flow fields, the
heat and mass transfer capabilities of metal foam flow fields were far superior to those of
traditional parallel flow fields. When the porosity of the metal foam flow field decreased
along the transverse flow channel direction, the fuel cell achieved better water management
and more uniform reactant gas distribution. Tao et al. [218] proposed using a metal foam
flow field with non-uniform pore size to improve the performance of large-area PEMFCs.
By analyzing different pore size configurations, the results indicated that the best cell
performance was achieved when the metal foam flow field had a pore size that decreased
diagonally along the flow direction (from inlet to outlet).

The novel hierarchical pore structure of metal foam flow fields is also an extremely im-
portant and effective approach for optimizing pore architecture. Such a flow field increased
the maximum net power density and water discharge capacity, and reduced the pressure
drop. Sun et al. [219] designed a novel bilayer metal foam flow field using two different
PPI values: 50 PPI for the first layer and 100 PPI for the second layer. Compared with
conventional metal foams of 50 PPI and 110 PP], this bilayer structure achieved significantly
improved performance. Subsequently, Sun et al. [220] conducted numerical simulations on
the water management characteristics and output performance of the novel metal foam
flow field. The experimental results indicated that the water discharge capacity of the metal
foam flow field with hierarchical pore structure was close to that of the parallel flow field.
Meanwhile, it exceeded that of both the uniform coarse-pore metal foam flow field and the
uniform fine-pore metal foam flow field.

4.4. Other Novel Three-Dimensional Flow Fields

Li et al. [221] designed and analyzed a novel three-dimensional flow field—a new
wavy serpentine flow field. Its periodic wavy structure induced periodic variations in
local flow direction, local velocity, and local pressure, thereby enhancing forced convection.
Compared with the traditional serpentine flow field, the new wavy serpentine flow field
exhibited a lower pressure drop across the entire current density range. It also improved
cell performance in the high-current-density region, increasing the peak power density by
17.8%. Yin et al. [222] adopted an inversely phased wavy flow field design. Compared with
the parallel wavy flow field, the inversely phased wavy flow field presented a unique mem-
brane temperature distribution with multiple elliptical island-like patterns and achieved
improved thermal uniformity and performance.

Unlike traditional linear channel flow fields, complex three-dimensional flow fields
featured repetitively arranged baffles within the channels, which were referred to as baffle
designs. These flow fields consequently induced microscale interfacial fluxes between the
GDL and the flow field. The resulting high-intensity oxygen flow could remove excess
water from the GDL, thereby improving fuel cell efficiency [223]. Cai et al. [224] proposed
anovel 3D cathode flow field with main and sub-channels and a transition region, which
included porous bottom ribs that facilitated uniform reactant distribution. This 3D flow
field structure significantly enhanced the transport efficiency of reactants both in the flow
direction and in the direction perpendicular to the flow. However, it also led to a slight
increase in pressure drop and made the reactant distribution non-uniform. He et al. [225]
designed a series of three-dimensional flow fields with trapezoidal baffles, which enhanced
oxygen transport and water management capabilities.

3D flow field designs typically improve the performance of proton exchange mem-
brane fuel cells, but the accompanying issue is a significant increase in pressure loss. To
address this problem, Sun et al. [226] proposed a novel windward bend flow field. Com-
pared with a cut cylindrical baffle channel and a 3D wavy channel, the windward bend
flow channel featured a higher velocity component along the flow direction at the channel
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and GDL interface. It exhibited excellent mass transfer performance and lower pressure
loss under the constant extra power consumed by the auxiliary components of the fuel
cell system.

5. Conclusions

The design of flow channels and flow fields was crucial for improving the power
density and reducing costs of PEMFCs. Therefore, optimized flow channel designs and a
range of novel flow fields have developed rapidly.

1. In parallel flow fields, longer channels benefited water management, and narrow
channels suited high current densities. In serpentine flow fields, shorter paths improved
current density uniformity, and reducing the channel-to-rib width ratio significantly en-
hances performance, but narrow channels increased pressure drop. In interdigitated flow
fields, narrow outlet channels improved oxygen distribution and water removal, and the
optimal channel aspect ratio was 1.00.

2. Flow fields with fewer channels generally featured better flow uniformity and cell
performance. At a current density of 1000 mA /cm?, the single-channel structure achieved
7% and 21% higher output performance than the dual-channel and four-channel structures,
respectively, although it suffered a larger pressure drop.

3. Compared with rectangular and trapezoidal channels, the triangular channel
offered the best cell performance, with stronger water management and oxygen transport
capability. The rectangular channel provided a higher cell voltage and better overall
electrical performance, while the trapezoidal channel cross-section was more favorable for
reactant diffusion.

4. In terms of baffle selection, rectangular and trapezoidal baffles performed well under
moderate blockage levels, and the former features higher output performance and current den-
sity. Triangular baffles are more suitable under high blockage or flooding-prone conditions.

5. Taller baffles and algorithm-optimized baffle height greatly boosted heat transfer
and water removal efficiency. More baffles increased mass flux and improved the uniformity
of reactant distribution but also raised the pressure drop. The optimal output performance
occurred at a baffle angle of 45°.

6. The staggered arrangement was the most widely used and effective. The STBP flow
field increased the maximum net power by 6.39% and 2.54% over the conventional parallel
flow field and PTBP, respectively.

7. The parallel flow field had a low pressure drop but suffered from uneven gas
distribution, flooding, and reactant starvation. The serpentine flow field improved water
removal and mass transfer uniformity at the cost of high flow resistance and pressure drop.
The interdigitated flow field offered excellent mass transfer and water drainage, yet its high
resistance may damage the GDL. The composite flow field combined the advantages of
multiple structures for synergistic performance optimization.

8. Tapered and wavy flow fields alter channel geometries along the flow path. The
resultant accelerated flow enhanced oxygen delivery and water drainage. Among other
novel flow fields, the pin-type flow field offered low pressure drop and good uniformity but
was prone to stagnation zones and water accumulation; the spiral flow field enhanced heat
and mass transfer through secondary vortices, demonstrating superior overall performance.

9. Bio-inspired flow fields, such as leaves, lungs, and trees, showed outstanding
advantages in water management and stability. Nevertheless, their branched structures
were prone to uneven distribution due to water blockage, and their performance was
highly dependent on operating parameters. Among other novel flow fields, the spider-
web-shaped flow field, characterized by polygonal outlines and spiral channels, achieved
superior performance with a lower pressure drop. The bionic bamboo channels induced
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flow disturbance to strengthen mass and heat transfer. The squid-fin bionic channels
reduced flow resistance and pressure drop by retaining lateral flow spaces.

10. Self-humidifying structures effectively improved water management of PEMFCs.
They enhanced cell performance and low-humidity adaptability through moisture reten-
tion and uniform water and heat distribution, facilitating the commercial application of
fuel cells.

11. Three-dimensional fine-mesh flow fields could force repeated gas splitting, merg-
ing, and disturbance. This enhances oxygen concentration and distribution uniformity
while suppressing flooding. 3D graphene foam flow fields used compressed graphene
foam to form tortuous pores, accelerating reactant diffusion. 3D metal foam flow fields
offered high porosity and uniform current density distribution, but caused considerable
pressure loss and water accumulation. Currently, most research on 3D flow fields remains
at the numerical simulation stage, leaving substantial room for improvement.

Future research directions for fuel cell flow fields include the following:

1. Flow channel geometric parameters directly determine fuel cell performance,
and suitable channel dimensions should be designed for different operating conditions.
Moderately increasing the baffle height and adopting a staggered arrangement could
further optimize the baffle design. In addition, novel baffle structures should be actively
explored and developed. The helical baffle induced forced convection and generated cross-
flow beneath the ribs, thereby enhancing oxygen supply; the ship-type baffle enhanced
mass transfer while producing relatively low extra power consumed by the auxiliary
components of the fuel cell system.

2. To address the issue of liquid water blockage in existing leaf-shaped, lung-shaped,
and tree-shaped bio-inspired flow fields, anti-clogging hierarchical multi-outlet bionic struc-
tures with gradient-width or variable-cross-section branch channels could be developed.
Furthermore, more novel bio-inspired flow field designs should be continuously explored.
For example, the bionic fish-scale porous flow field comprehensively reduced pressure drop,
boosted water removal efficiency and optimized thermal performance simultaneously.

3. Traditional parallel, serpentine, and interdigitated flow fields have simple struc-
tures and low manufacturing costs. However, their inherent drawbacks are very obvious.
Although composite, bionic, and three-dimensional flow fields ameliorated the deficien-
cies of traditional flow fields, they still suffered from complicated fabrication processes
and high manufacturing costs. Therefore, future research should prioritize reducing the
reliance on high-precision manufacturing techniques to promote the practical application
of three-dimensional and other advanced flow fields.

4. A data-driven, model-based physics-informed neural network (PINN) to eliminate
discrepancies between experimental measurements and numerical simulations is promis-
ing in the design and optimization of PEMFC flow fields. By embedding physical laws
and incorporating experimental results, PINNs could effectively correct prediction errors.
Reliable optimization of critical flow channel and baffle dimensions including channel
width, depth, rib thickness, and baffle size could be achieved, thereby accelerating the
development of high-performance PEMFC flow fields.
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