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Herein, a novel natural wood derived macroporous carbon sheet with three-dimension inter-connected
perpendicular-channels was engineered as gas diffusion layers (w-GDLs) for air-breathing proton exchange
membrane fuel cells (PEMFCs). Beneficial to the unique accessible perpendicular channels and the presence of a
microporous layer, the current density reached 0.139 A/cm? (at 0.6 V) and the maximum power density elevated
up to 0.102 W/cm? (at 0.43 V), which are comparable to the best results reported for the air-breathing PEMFCs

with high Pt loadings. Furthermore, it exhibited excellent durability during preliminary constant discharge
operation, demonstrating the feasibility of this w-GDL for practical applications.

1. Introduction

Currently, the air-breathing proton exchange membrane fuel cells
(PEMEFCs), which could effectively conduct the gas convection and
diffusion through the open cathodes without the help of auxiliary ma-
chinery, have gained great attention. As the miniaturized products of
fuel cells, the air-breathing PEMFCs feature flexibility, lightweight, and
easy operation, which are expected to be competitors of lithium-ion
batteries [1-7].

Although air-breathing PEMFCs share the same reaction mechanism
as conventional PEMFCs, there are two key issues involved with gas
diffusion layers (GDLs) that should be solved. Firstly, the air-breathing
PEMFCs are conducted at the open cathodes, in which the reactant ox-
ygen is provided through the GDLs via air convection and diffusion. This
inevitably results in the concentration polarization and voltage drop due
to the sluggish kinetics of passive gas delivery [8]. Secondly, appropriate
water management is critical for the GDLs to obtain stable cell perfor-
mance. Specifically, there exists a delicate water transport balance at the
reactive three-phase boundary of catalyst, electrolyte and reactant gas in
PEMFC operation: water is necessary for the hydration of proton-
conducting membrane, while excessive water can block the pores of
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the electrodes and result in flooding, causing a serious problem on the
passive air diffusion [9]. Therefore, the improvement of water trans-
portation and gas diffusion is important at GDLs to ensure the cell per-
formance and stability of air-breathing PEMFCs.

Conventionally, the GDLs are constructed by carbon fiber paper or
carbon cloth with a hydrophobic polymer binders such as PTFE for mass
transfer and water management. However, the microstructure of such
GDLs is mainly dominated by disordered pores, which cannot provide
continuous channels for gas, electron and water molecules transport
(Fig. 1). With the continuous operation of the cell, the water generated
by the cathode will accumulate in the pores of the GDL, hindering the
mass transfer, and therefore harm the performance and stability of the
cell. Although the last decade has witnessed great progress in tuning the
structure of the GDL to achieve high performance of air-breathing
PEMEFC [8-12], there are still some vital issues left to be solved for
future practical applications. Thus, exploring novel structures of GDLs
with 3D vertically aligned microchannels that have better mass transfer
and water management is a meaningful line of inquire.

Natural wood is one of the most abundant biomass on earth. The
multi-layered pore structure inside the wood guarantees the normal
transport and distribution of air, moisture and nutrients in the tree.
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Fig. 1. Schematic diagram of conventional GDL microstructure.

Among them, “transport” is mainly generated by parallel channels along
the growth direction, resulting in a vertical material flow. Between these
parallel channels, there are still some finer holes that allow the two to
exchange substance with each other, thereby forming a “distribution”
result at the same level. This material can be carbonized especially to
retain most of the original channels, demonstrating the potential to be
used as gas diffusion electrodes in energy storage and energy conversion
devices [10-25]. The natural wood material used in this work is
composed of large numbers of macropores and its pore size distribution
across the 3D carbon framework is relatively uniform. The pore size of
w-GDL is slightly larger than that of the conventional GDL carbon ma-
terials (such as carbon paper), which can better meet the working re-
quirements in air-breathing PEMFCs. The ordered, interconnected and
low-tortuosity microchannels in w-GDL will shorten the gas diffusion
pathway and improve air exchange efficiency. Meanwhile, the water
management would be simplified since water can easily drain away from
the aligned tubes, which can avoid flooding at the cathode and enlarge
the three-phase boundary among catalysts, oxygen, and electrolyte. It
should be mentioned that the well-aligned microchannels will enable
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charge transport within the 3D matrix. After screening a large number of
possibilities, we found that the natural wood-derived 3D carbon sheets
might be good candidates as GDL materials in air-breathing PEMFCs.

Herein, the natural wood that cut perpendicularly to the growth
direction is carefully carbonized to retain its inherent 3D macroporous
perpendicular channels with a thickness of ~300 pm. The commonly
used polymer PTFE in conventional GDL is also selected in this work as a
binder and hydrophobic additive. By adjusting the proportion of PTFE to
the treated natural wood, the diffusion of gas and water can be properly
balanced. The hydrophobicity of w-GDL has been studied and some
interesting results are obtained. In a single cell test, the air-breathing
PEMFC using the optimal w-GDL sample exhibits the maximum cur-
rent density of 318 mA cm ™2 and power density of 102 mW cm ™2 at 0.43
V, which is superior to the conventional GDL (c-GDL) (280 mA cm_z, 88
mW cm 2 at 0.43 V). Furthermore, the wood derived carbon sheets can
be served as self-supporting electrode for hydrogen evolution reaction
(HER) because it would not only facilitate the diffusion of generated
hydrogen bubbles through the 3D connected perpendicular channels but
it would also provide a large number of active sites for electrolyte ions,
which would lead to the improvement of electrochemical reaction rate
of HER. This novel material takes advantage of its unique characteris-
tics, resulting in a promising candidate for the next generation of state-
of-the-art low-cost electrode.

2. Experimental
2.1. Synthesis of 3D-connected carbon sheet with perpendicular channels

The 3D-connected macroporous wood derived carbon sheets (w-
Carbon) were prepared according to the method reported [20]. Natural
wood of pine trees was cut perpendicular to the wood growth direction
to obtain wood pieces. The obtained wood pieces were then carbonized
in a tubular furnace at 1000 °C for 2 h in a nitrogen gas atmosphere.
After carbonization, the w-Carbon pieces were carefully trimmed to
form the final carbon sheets with a size of 1.0 cm x 1.0 cm x 300 pm (see
Fig. S1 in Supporting Information).

Hydrophobic

treatment

./.—_

Fig. 2. Schematic diagram for the preparation route of carbon sheet (w-Carbon) with 3D connected perpendicular channels (upper), and configuration of air-

breathing PEMFCs (lower).
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Fig. 3. SEM images and contact angles for the pristine w-Carbon (a-d) and PTFE loaded w-Carbon (e-h).

2.2. Structure characterization

The microscopic morphologies and structure were characterized by a
field-emission SEM (Zeiss, Oberkochen, Germany). The hydrophilic
properties of the w-GDL were evaluated using the contact angle method
on an OCA 40 Video-Based Automatic Contact Angle Meter (Data-
physics, Germany). Raman measurements were carried out using a
Raman spectroscope (HORIBA Jobin Yvon LabRAM HR, France) to
discern the carbon species.

2.3. Electrochemical characterization

Electrochemical impedance spectroscopy (EIS) was employed to
study the polarization resistance of the MEAs by an Ivium electro-
chemical workstation (Ivium, Netherlands).

2.4. Gas diffusion layer (GDL) preparation

Before the single cell assembly, the GDL was engineered using the w-
Carbon in advance. Firstly, the obtained w-Carbon sheets were hydro-
phobically treated with Teflon dispersion (60 wt%, Dupont), followed
by a heat-treatment at 400 °C for 30 min to uniformly disperse the PTFE
on the carbon sheets. The final loading of PTFE was in the range of
15-30 wt%. For reference, the c-Carbon paper (TCP-H-060, Toray,
Japan) with a PTFE loading (20 wt%) was processed through the same
procedure to construct the c-GDL.

2.5. Air-breathing PEMFCs assembly

The assembly of air-breathing PEMFCs is shown in Fig. 2. In the
anode side, a flow-field plate with serpentine layouts was employed to
introduce the dry hydrogen into the c-GDL made from commercial
carbon paper (TCP-H-060, Toray, Japan). For the cathode side, the plate
with open windows matrix accessed to the w-GDL leads to direct
diffusion of ambient air. Between the anode and cathode GDLs, the
catalyst-coated membranes (CCMs) with an active area of 2.25 cm? were
prepared using a direct catalyst spraying technique developed in our
laboratory [26]. The catalyst (Pt/C, 40 wt% JM4100, Johnson Matthey)
loadings at the anode and cathode were 0.1 and 0.2 mgp; cm‘z,
respectively. The Nafion solution (5 wt%) was used as a binder, and the
Nafion amount in both the anode and cathode catalyst layers was
adjusted to 25 wt%. The membrane type is Nafion® 212 (Dupont, 50
pm).

2.6. PEMFC performance test

The PEMFC performance was measured in a standard 2.25 cm? single
cell using a Fuel Cell Testing System (Arbin Instruments, USA). Pure
hydrogen without any humidification was fed into the anode at a flow
rate of 100 mL min ™!, while the natural circulating air was diffused into
the cathode in the manner of “air-breathing”. Before each test, the cell
was activated in a chronoamperometry mode at 0.8 V until a stable
performance was obtained.

3. Results and discussion
3.1. Structure characterization

The morphology of the pristine w-Carbon was observed by SEM, as
shown in Fig. 3a—c. The regular macropores array in the size of 20-30
pm are seen distinctly in the w-Carbon, and certain smaller pores of 2-5
pm (indicated by a red circle) are distributed in line on the channel wall,
suggesting the 3D connected porosity (Fig. 3a—c). The contact angle of
90.6 °© indicates its hydrophilic surface of the natural derived w-Carbon
(Fig. 3d). After PTFE modification, most parts of macroporous channels
remain accessible and unimpeded (Fig. 3e-f); from the magnified region,
the previously smoothed inner surface becomes relatively rough, veri-
fying the evenly dispersed PTFE aggregation. The corresponding contact
angle of 135.9° suggests its hydrophobic properties, because of the PTFE
decoration (Fig. 3h). In contrast, the commercial carbon paper displays
randomly and horizontally stacked brittle carbon fibers (with 10-15 pm
diameter) bounded into a web-like matrix, and several small inter-fiber
pores seem susceptible to be stuck by PTFE aggregation (Fig. S2, Sup-
porting Information), which may cause an obstacle for the water/gas
delivery. These SEM observations demonstrate that the structure of w-
Carbon may possess better permeability than the commercial carbon,
which would influence significantly the mass transfer of water and air
diffusion in the cathode.

The Ip/Ig value in the Raman spectra can be used to characterize the
graphitization degree of various carbon materials, and the smaller Ip/Ig
value generally corresponds to the higher degree of graphitization
[28,29]. As shown in Fig. S3, typical D (~1320 em™) and G (~1580
cm 1) bands were observed for all three samples, i.e., w-GDL (20 wt%
PTFE), w-GDL without PTFE, and ¢-GDL (20 wt% PTFE), which indicates
that the formation of graphitic carbon was obtained after pyrolysis for
all samples. And the calculated Ig/Ip values of all the carbon materials
show an increasing order: w-GDL > ¢-GDL (20 wt% PTFE) > w-GDL (20
wt% PTFE), implying a relatively high graphited degree in w-GDL (20 wt
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Fig. 4. Polarization and power density curves (a), and in situ impedance curves (b) for the air-breathing PEMFC assembled by different GDLs.

Table 1

Structure and electrochemical properties of the air-breathing PEMFCs using different GDLs.

GDLs Max. Current density (A/cm?) Peak power density (W/cm?) Ro Ry, 4 (Q/cm?) Ry, ¢ (Q/cm?)
(Q/cmz)

c-GDL 0.280 0.089 0.4484 0.4019 2.235

w-GDL 0.318 0.102 0.1857 0.276 1.767

% PTFE), which could pave a highway for transferring electron along the
3D connected perpendicular-channels to the active sites in the carbon
framework.

3.2. Single cell test

We first conducted the cell performance for the PEMFC assembled by
w-GDL with various PTFE loadings (Fig. S4). We found that by
increasing the PTFE loading (< 20 wt%) can significantly improve the
cell performance, while excessive PTFE loading (> 20 wt%) can dete-
riorate the cell performance. This could be ascribed to the fact that at
proper PTFE loading, the hydrophobic treated w-GDL can effectively
eliminate the water produced from the cathode, while excessive PTFE
could result in clogging access paths and led to poor mass transfer. Thus,
we fixed the PTFE loading at 20 wt% for the w-GDL if not noted
elsewhere.

Fig. 4 compares the cell performance for the PEMFC assembled by w-
GDL and c¢-GDL. In low current density region (<0.1 A/ cmz), the
negligible discrepancy between these two samples is observed, owing to
the dominant charge transfer-controlled region [30]. However, this
difference becomes prominent at the high current density region due to
the limitation of mass transport, suggesting the advantageous structure
feature of w-GDL on the mass transfer. Specifically, w-GDL shows a
higher maximum current density of 0.318 mA/cm?, which is 10% higher
than that the ¢-GDL does. The peak power density reaches 102 mW/cm?
at 0.43 V, comparable to the best ones reported for air-breathing
PEMFCs with higher Pt loadings [9,31]. This excellent performance
can be attributed to the merits of the 3D connected perpendicular
channels of w-GDL during mass transfer: i) the excessive produced water
can be effectively discharged through these macroporous channels by
vaporization [32]; ii) the oxygen-containing air can be diffused unim-
pededly to the catalyst layer.

The resistances of these two different GDL-derived PEMFCs were
analyzed in the single cell fixture at 0.8 V by in situ impedance mea-
surements, as shown in Fig. 4b. The cell ohmic resistances (Rg), anode
and cathode charge transfer resistances (R, 4 and R, ¢) were obtained
by fitting the data with a Randels model equivalent circuit, and values
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Fig. 5. Long-term durability test for PEMFC assembled by w-GDL.

are listed in Table 1. Explicitly, the PEMFCs assembled by the w-GDL
display lower charge transfer resistance compared to that of c-GDL,
implying that the w-Carbon structure could create abundant reaction
sites, leading to a more efficient electrochemical process in the elec-
trodes. Especially, the much low ohmic resistance is obtained in w-GDL
compared with the ¢-GDL, indicating that the monolithic carbon skel-
eton can effectively decrease the contact resistance, which is consistent
with the polar curve analysis mentioned above.

The long-term operation stability is an important criterion for the
PEMFC operating system in practical applications. Generally, the
flooding issue at the cathode plays a key role in air-breathing PEMFC
performance degradation. Appropriate water management in the GDL is
needed to balance the water flooding and self-humidification. To verify
the stability of the single cell, a primary durability test (after activation
process) was performed by continuously operating the resultant PEMFCs
assembled by various w-GDLs and ¢-GDLs at 0.6 V, as shown in Fig. 5.
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Fig. 6. Schematic diagram for the diffusion kinetics in the PEMFC assembled with c-GDL and w-GDL.

Distinctively, using the w-GDL, the PEMFC shows excellent stability
with only 2.5% current density drop after over 50 h operation at high
current density around 140 mA/cm? In contrast, the conventional
PEMFC using the c-GDL displays 20% current density drop even during
the initial 10 h run.

To better illustrate the advantageous structure feature of the w-GDL
performed in the air-breathing PEMFC, the schematic diagram for the
diffusion kinetic in the assembled cell is presented in Fig. 6. Compared to
the conventional carbon paper (c-carbon), this novel wood derived 3D
inter-connected macroporous carbon holds several merits that are
beneficial to mass transfer, charge transfer and even heat release. The
well-distributed macropore array can diminish the clogging induced by
the PTFE decoration, facilitating the mass transfer, while maintaining
the good hydrophobicity of GDL. The perpendicular channels in the GDL
could decrease the transport route distance, which would significantly
improve the mass transfer, charge transfer as well as heat release. The w-
GDL consists of an entire carbon piece cut from wood, which can avoid
the aggregation issues of carbon fibers in conventional carbon paper.
This is important for maintaining the reactive active sites during elec-
trochemical reaction at the cathode.

4. Conclusions

Through carefully designed carbonization of the natural wood, we
have successfully prepared novel carbon sheets (w-Carbon) with 3D
inter-connected perpendicular macroporous channels. With an opti-
mized PTFE loading (20 wt%), the hydrophobic w-Carbon served as
cathode GDL to assemble air-breathing PEMFCs. Maximum current
density (0.318 A/cmz) and power density (0.102 W/cmz) were achieved
in a single cell testing, outperforming those observed in the PEMFCs
using commercial carbon paper as GDL (c-GDL). Moreover, after 50 h of
long-period operation, the current density declined by merely 2.5%. The
improved performance is strongly associated with the unique merits the
w-GDL has, which includes the perpendicular accessible channel, the
presence of microporosity, and appropriate hydrophobic properties.
Owing to these advanced attributions, improved mass transfer and
charge transfer, as well as a good balance between GDL hydration and

water drainage are achieved, both responsible for the improved PEMFCs
performance. The GDL prepared by this method has the advantages of
low cost, well-kept ordered structure and low mass transfer resistance,
which provide a new direction for the carbon materials selection and
design and improvement of air-breathing PEMFCs.
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