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Abstract: A passive air-breathing formate fuel cell with PdAuAg alloy nanoparticles
supported on the carbon nanotube (CNT) pasted on nickel foam (NF) as anode is reported in
this work. With optimization, a maximum power density of 16 mW cm with PAAUAg/CNT
on NF as anode is achieved, which is 2.2 time of that achieved by using commercial Pd/C on
NF (7.3 mW cm). Furthermore, the cell with PAAUAg/CNT on NF as anode can steadily
discharge at 5 mA cm for more than 28 hours continuously. This is, to our knowledge, the
best performance of passive air-breathing formate fuel cells reported so far and
PdAUAg/CNT on NF as anode can be considered as the state-of-the-art for the passive
air-breathing formate fuel cell. These results suggested that the PAAUAgQ/CNT catalyst
probably provides an alternative avenue for developing the anode electrocatalysts for passive
air-breathing formate fuel cell applications.

Introduction

Direct liquid fuel cells (DLFCs) have received great attention!* in the last decade
because of the increased demand for portable electronic devices. Especially formate liquid
fuels without formation of catalyst poison in an alkaline environment®>’ are highly desirable.
Among all kinds of liquid fuels, formate fuel has attracted increasing attention®° due to its
advantages superior to other fuels. Firstly, formate oxidation is extremely easy under alkaline
conditions, especially on Pd* 12, Secondly, the theoretical potential of formate is 1.45V (vs.
Emethanoi=1.21V) 13 14, Thirdly, the oxidation of formate in an alkaline media doesn’t cause CO
poisoning®®. Finally, formate can be stored and transported in a solid state!®. However,
formate oxidation reaction (FOR) plays a dominant role in the performance of formate fuel
cells, and the slow kinetics of the FOR on the anode limits the further development and
commercial exploitation'’. For formate oxidation reaction, Pd is considered to be a catalyst
with high activity, stability and resistance to CO poisoning and exceeds Pt!® 1°. We have
previously studied®® the ternary PdAuAg alloy nanoparticles supported on the carbon
nanotube (CNT) as a catalyst for formate oxidation reaction and demonstrated its outstanding
electrocatalytic performance.
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Until now, the external pumps are generally required to drive the fuel and oxidant flow
in most formate fuel cells?:. However, the use of the pump not only reduces the specific
energy output but also prevents further miniaturization and portability of the formate fuel
cells?>24, The passive fuel cells play an important role in the fuel cell community because it is
unlikely that pumps can be employed in portable devices, so the performance of passive fuel
cells brings the community's research an important step closer to implementation. Hence,
passive air-breathing formate fuel cells were considered as promising formate fuel cells in
flexible electronic?, including portable energy conversion devices, wearable and disposable
devices?. However, several challenges retard the commercialization of passive air-breathing
formate fuel cells technology, including the mass/ion transport in the catalyst layer and poor
fuel cell performance?’-°.

To improve the mass/ion transport in the catalyst layer and fuel cell performance, nickel
foam structures have been extensively studied to promote the species transport in other liquid
fuel cells*®®. Conventional dual-layer electrode is widely used in liquid fuel cells, consisting of
a diffusion layer and a catalyst layer®’. This dual-layer structure has a very dense catalyst
layer that creates a barrier for mass/ion transport®>. Therefore, nickel foam with
three-dimensional nano-porous structure has attracted the attention of researchers to improve
the fuel cell performance. Li et al.*® studied the conventional dual-layer anode and nickel
foam anode in direct ethanol fuel cells. The results showed that a nickel foam anode has a
peak power density 1.5 time of that from a dual-layer anode. Liu et al.?® demonstrated a direct
methanol fuel cell with a peak power density up to 73.5 mW cm? by using nickel foam as
anode and cathode. Li et al’ prepared a 3D porous electrodes with Pd-Au alloy coated nickel
foam, the direct formate fuel cell can yield an open-circuit voltage of 1.51 V and a peak
power density of 331 mW cm?, which are higher than the state-of-the-art anion-exchange
membrane direct formate fuel cell.

In light of that, a passive air-breathing formate fuel cell with nickel foam electrode was
proposed, where PdAuAg alloy nanoparticles supported on carbon nanotube were pasted on
the nickel foam matrix surface. The nickel foam was employed as both the gases and liquids
channel to achieve the higher mass/ion transport®*. The pump and flow control systems can
be eliminated, which will significantly reduce fuel cell complexity®. In this work, three types
of nickel foam electrodes were fabricated using different preparation methods for passive
air-breathing formate fuel cell; namely, (1) the commercial Pd/C nanoparticles pasted on
nickel foam (Pd/C on NF) as anode; (2) the PAAuAg alloy nanoparticles supported on the
carbon nanotube pasted on nickel foam (PdAuUAg/CNT on NF) via a dip-coating method as
anode and (3) PdAuAg nanoparticles deposited on nickel foam (PdAuAg on NF) via
reduction reaction deposition as anode for passive air-breathing formate fuel cells. The results
demonstrated that the PAAUAQ/CNT on NF as anode possesses the highest peak power
density, higher than those achieved by using commercial Pd/C on NF and PdAuAg on NF. In
this study, for the first time, we propose a passive air-breathing formate fuel cell with
home-made PAAUAQ/CNT nanoparticles pasted on nickel foam as anode. To the best of our
knowledge, this PAAUAQ/CNT on nickel foam produces the highest peak power density
among all reported passive air-breathing formate fuel cell as summarized in Table 1. The
results elucidated that the proposed fuel cell might be a good alternative to the battery for
powering portable electronics.



Experimental
Materials

Pd/C (30 wt.%) was purchased from Aladdin Industrial Corporation. Pt/C (20 wt.%) was
purchased from Shanghai Hesen Electric limited company. The anion-exchange membrane
was Fumapem AM-40. Ni foams with a purity of 99.8% (pore per inch: 120, density: 370 g
m2, average pore size: 500 um, thickness: 1 mm), were purchased from Taiyuan Lizhiyuan
Battery Material limited company. The PAAuAg alloy nanoparticles supported on the carbon
nanotube was prepared using a method described in our previous work?.

Electrode preparation

To prepare the cathode electrodes with commercial Pt/C pasted on nickel foam, an
emulsion of 10 mg Pt/C and 10 mg Nafion solution (Nafion, 5 wt.%) in ethanol was first
obtained by ultrasonic dispersion. The as-prepared slurry was then coated on nickel foam and
dried for 3 h. The cathode electrode was composed of a gas diffusion layer (preparation
method described in our previous work) and the catalyst on NF layer. The cathode electrode
was achieved by pressing gas diffusion layer and the coated nickel foam together at a
pressure of 10 MPa for 30 seconds.

Four types anode electrodes were prepared in this study, namely the commercial Pd/C
nanoparticles pasted on nickel foam (Pd/C on NF), PAAUAg/CNT nanoparticles pasted on
nickel foam (PdAUAg/CNT on NF), PAAUAg/CNT nanoparticles pasted on carbon paper
(PdAUAQ/CNT on CP) and PdAuAg nanoparticles depositing on nickel foam (PdAuAg on
NF). The nickel foams were firstly cleaned using acetone and dilute sulphuric acid (5%) to
remove the oils and oxides. The nickel foam was immersed in 3 mM Pd(NO3z)2, 3 mM
HAUCIs and 1 mM AgNO3s mixed solution for 30 minutes, the as-prepared PdAuAg on NF
was washed in the double distilled water and dried with N2. The Pd/C on NF, PAAUAg/CNT
on NF and PdAUAgQ/CNT on CP were prepared as follows: an emulsion of 10 mg Pd/C or
PdAUAg/CNT and 10 mg Nafion solution (Nafion, 5 wt.%) in ethanol was obtained by
ultrasonic dispersion. The as-prepared slurry was then pasted on nickel foam or carbon paper
and dried for 3 h. The anode electrode was achieved by pressing coated nickel foam at a
pressure of 10 MPa for 30 seconds.

Fuel cell test

The anode electrode, anion-exchange membrane and cathode electrode were assembled
into a fuel cell, and its performance was measured by discharging tests and stability tests
using a battery testing system (Neware Technology Limited Company, Shenzhen, China). The
cathode side was air, and the anode side was 4 M KOH + 5 M HCOOK aqueous solution. In
addition, CHI 660C electrochemical workstation (Chenhua, China) was used for the
electrochemical impendence spectra (EIS) test.

Results and Discussion
Fuel cell setup and working principle

Fig. 1 and Fig.2 show the schematic diagram and the photograph of a passive
air-breathing formate fuel cell that consists of a membrane electrode assembly (MEA)
sandwiched between two anode fuel and cathode air fields. The MEA is composed of an



anode electrode, an anion-exchange membrane and a cathode electrode. On the anode side,
the formate in the potassium hydroxide solution flows from the tank through coated nickel
foam is oxidized to produce electrons, water, and carbonate ions*®.

Anode: HCOO™ + 30H  — COZ" + 2H,0 + 2¢°  (Ea = -1.05 V) (1)

On the cathode side, the oxygen passes through the cathode diffusion layer to the
cathode catalyst layer, where oxygen with the electrons generated by formate oxidation
through the external circuit to the cathode side takes place an oxygen reduction reaction
(ORR) to produce hydroxide ions®'.

Cathode: %02 + H20 + 26 — 200 (Ec = 040 V) @)

And then, hydroxide ions generated by the cathode reaction are transported through the
anion exchange membrane to the anode catalyst layer for continuous formate oxidation
process®. Thereby, the overall reaction in the formate fuel cell is:

Overall: HCOO™ + %02 + OH — COZ + HO0  (Ecen = 1.45 V) (3

Effect of the hydroxide-ion concentration

Hydroxide-ion has to be added into the formate solution not only because the ionic
conductivity of the anion-exchange membrane is low®®, but also because the addition of
hydroxide-ion is found to further enhance the electrochemical kinetics of the FOR*® %!, Hence,
the effect of the hydroxide-ion concentration is studied and presented in Fig. 3. Fig. 3 shows
the effect of 0, 2, 4 and 6 M KOH with 5 M HCOOK as the anode fuel operates at 25 °C with
air at the cathode, increasing the hydroxide-ion concentration can improve the cell
performance. For example, the cell voltage increases from 0.79 V to 0.98 V and the peak
power density increases from 9.8 mW cm? to 16 mW cm? when the hydroxide-ion
concentration added from 2 M to 4 M. This is because the enhancement of hydroxide-ion
concentration not only improves the electrochemical kinetics of FOR, but also increases the
transfer rate of hydroxide ions*2. The cell performance is rather low when the HCOOK
without any addition of KOH, it means that the fuel cell requires some hydroxide-ion to be
mixed with the HCOOK because they are a reactant in the oxidation of the fuel, so
hydroxide-ion mixed with the HCOOK will increase the cell efficiency®. It is important to
note in Fig. 3 that, although the KOH increases from 4 M to 6 M, the cell performance is not
changed much which is caused by the mass-transport limitation of hydroxide-ion and anion
competitive adsorption effect. The behavior of the polarization curves with the change of
KOH concentration is further examined by the EIS test. Figure 4 shows the different curve
types of Nyquist plots at low frequency, the yellow, blue and red lines represent Warburg-type,
T-type and O-type. The curve of Warburg-type at low frequency is a straight line at an Angle
of 45 degrees from the abscissa, which is commonly used in the analysis of electrode process
dynamics, double layers, and diffusion. The T-type curve at low frequency shows an Angle
greater than 45 degrees with the abscissa, and then upward warping, which is commonly used
in the analysis of conductive polymers, metal corrosion and protection and fuel cells. The
O-type curve appears like a semicircle at low frequency, which is commonly used in the
analysis of Li-ion batteries, fuel cells and catalysis. Comparing Figures 5 and 7 with Figure 4,



the Nyquist plots of this work are consistent with T-type, indicating that the transfer rate is
controlled by the fuel concentration in the fuel cell. An equivalent electric circuit (Fig. 5(a),
inset) is utilized to fit the Nyquist plot. Fig. 5(a) depicts the Nyquist plots of the passive
air-breathing formate fuel cell at various KOH concentrations with 5 M HCOOK as the anode
fuel operates at 25 °C with air at the cathode. When the KOH increased from 0 M to 2 and 4
M, the arc of the impedance spectra decreased in high-frequency region, it confirms that the
charge transfer of the electrochemical reaction was enhanced with an added KOH, but when
the KOH concentration was further increased to 6 M, the diameter was increased due to the
competitive adsorption, this corresponds to the variations in the Bode plot (Fig. 5(b)). So a
concentration of 4 M KOH is optimal, which will be used in rest of the experiments.

Effect of the formate concentration

For a passive air-breathing formate fuel cell, the formate concentration in the fuel
solution becomes important parameter to achieve high cell performance. So the effect of the
formate concentration on the cell performance is investigated and presented in Fig. 6 with the
fuel cell operated at 25 °C using air at the cathode and 4 M KOH with varied concentrations
of formate fuel at the anode. It shows that an enhancement in the formate concentration from
1 M to 5 M increases the cell voltage and the peak power density, such as the cell voltage
increase from 0.75 V to 0.98 V and the peak power density increase from 6 mW cm to 16
mW cm. It is clear that the improvement in cell performance is attributed to two aspects, the
electrochemical kinetics of FOR is improved with the increase of formate concentration®*; the
formate transfer rate to the anode catalyst layer is accelerated with the increase of formate
concentration. When the formate concentration was increased to 7 M HCOOK, the cell
performance remained stable comparing with the formate concentration of 5 M HCOOK,
which is probably because redundant formate adsorbed on the catalyst surface blocks the
formate oxidation reaction further. Fig. 7 shows the Nyquist and Bode plots of the passive
air-breathing formate fuel cell at different formate concentration with 4 M KOH operates at
25 °C with air at the cathode. It is indicates that the impedance is declined first and then
increased with the formate concentration is from 1 M, 3 M, 5 M to 7M. The results confirm
that the FOR is accelerated by increase the formate concentration, but too high formate
concentration will increase the mass transport resistance of formate. So a concentration of 5
M HCOOK is determined to be optimal in rest of the experiments.

Effect of the operation temperature

Formate fuel cells utilizing an anion exchange membrane is usually operated at a
temperature above ambient temperature in order to achieve better cell performance®. For a
passive air-breathing formate fuel cell, it would be better to run at or near ambient
temperature®®. Fig. 8 shows the results of cell performance at various temperatures with air at
the cathode and 4 M KOH + 5 M HCOOK at the anode. It found that the peak power density
increased from 16 mW cm2at 25 °C to 19.5 mW cmat 50 °C and 20.8 mW cm2 at 75 °C.
The improved performance is expected as both the conductivity of the membrane and
reaction kinetics are all temperature-dependent*’. However, the application of passive
air-breathing formate fuel cells in portable electronic devices would be better off if the fuel
cells can be operated at or near ambient temperature, so a temperature of 25 °C is determined



to be chosen in rest of the experiments.

Optimization of the passive air-breathing formate fuel cell

In order to optimize the passive air-breathing formate fuel cell, the different types of
anode electrodes are used in this formate fuel cell. In our previous work, we used the ternary
PdAuAg alloy nanoparticles supported on the carbon nanotube for formate oxidation reaction,
which confirmed it is a powerful and stable catalyst. So the different anode electrodes
including the PAAuAg alloy nanoparticles supported on the carbon nanotube pasted on nickel
foam or carbon paper (PdAUAQ/CNT on NF or CP) and the commercial Pd/C nanoparticles
pasted on nickel foam (Pd/C on NF) via a dip-coating method, PdAAuUAg nanoparticles
depositing on nickel foam (PdAuAg on NF) via reduction reaction deposition, Pt/C is used at
the cathode because it is a very reliable catalyst for the oxygen reduction reaction. Fig. 9
shows the operation of the passive air-breathing formate fuel cell with 4 M KOH + 5 M
HCOOK as the anode fuel and electrolyte, air as the cathode oxidant, and the fuel cell
operating at 25 °C. It can be found in Fig. 9 (a) and Table 2 that the fuel cell using
PdAUAQ/CNT on NF electrode yielded much better performance than other fuel cells. Under
these conditions the peak power density is 16 mW cm with the maximum current density of
64 mA cm and the open-circuit voltage of 0.98 V. The commercial Pd/C has a good catalytic
performance for the FOR and formate fuel cell. Here we constructed a formate fuel cell with
the commercial Pd/C as anode catalyst and compared its performance with that of the
PdAUAQ/CNT on NF. As expected, the fuel cell with PAAUAg/CNT on NF electrode exhibits
a higher power density and maximum current density than the fuel cell with the commercial
Pd/C on NF electrode (Table 2, 7.3 mW cm™ and 30 mA cm). This demonstrates that the
PdAUAQ/CNT on NF electrode is very suitable for the passive air-breathing formate fuel cell.

As shown in Fig. 9 (c) and (d), the power density and maximum current density
achieved by using PAAUAg/CNT on CP electrode and PAAuAg on NF electrode are relatively
lower than that observed by using PAAUAQ/CNT on NF electrode. The reasons for improved
performance with the PAAUAg/CNT on NF electrode than with PdAAUAg/CNT on CP
electrode can be explained as follows, the nickel foam has a special three-dimensional
structure, which increases the reactant concentration and mass/ion transport in the catalyst
layer during the fuel cell operation, reducing the concentration and activation losses*. The
better performance of the PAAUAgG/CNT on NF than PAAuAg on NF can be attributed to the
carbon nanotubes. The carbon nanotures have four roles, firstly, it is conductive and plays an
important role in the enrichment and conduction of electrons, secondly, it has many channels
leading to its high specific surface area and excellent adsorption properties, thirdly, it keeps
the metal particles well dispersed and further modulates the properties of the active site,
fourthly, it has good alkali resistance, which is very important for the stability of the catalyst.
Hence, these observed results further confirmed the excellent performance of fuel cell with
the PAAUAQ/CNT on NF electrode.

Stability of cells

Stability is an important factor determining cell performance. The stability is tested by
monitoring voltage changes during galvanostatic discharge. The cell voltage is recorded at a
constant current of 5 mA cm?, 10 mA cm, 20 mA cm?, and 30 mA cm? at 25 °C and



ambient atmosphere. Fig. 10 (a) shows the stability test of the cell with the PAAUAg/CNT on
NF electrode at the different current densities. The cell with the commercial Pd/C on NF
electrode is also tested in the same condition as a reference as shown in Fig. 10 (b). The
decline of the voltage is due to the consumption of fuel solution; the fuel solution will be
refreshed at this point. As shown in Fig. 10 (a), the voltage of the cell with the PAAUAg/CNT
on NF electrode is higher than that with the commercial Pd/C on NF electrode at every
current density over the test period. Moreover, the stable time of the cell with the
PdAUAQ/CNT on NF electrode is also longer than that with the commercial Pd/C on NF
electrode at every refresh fuel solution period. The mechanism for the improvement of the
stability has four aspects, firstly, a homogeneous distribution of PdAuAg alloy nanoparticles
on CNT which resulted in a high active, stable and increased conductivity*®, secondly,
PdAuAg alloy nanoparticles are not sintered, oxidized or deformed which are able to supply
more accessible active sites and provide higher stability and better resistance to deactivation
during formate fuel cell operating conditions®, thirdly, CNT maintained strong adhesion with
PdAuAg alloy nanoparticles and provided strong corrosion resistance, thus it can provide
durability®, fourthly, surface segregation of Pd occurs in formate fuel cell operating
environment, which provides more catalytic active sites?®. The stability tests demonstrate that
the cell with the PAAUAQ/CNT on NF electrode is highly stable and thus has potential for use
in practical passive air-breathing formate fuel cells.

Conclusions

This is the first report of a passive air-breathing formate fuel cell employing the
PdAUAQ/CNT on NF electrode. When the fuel is operated at 25 °C with 4 M KOH and 5 M
HCOOK as the anode fuel and air at the cathode, the fuel cell produces 16 mW cm of power
density, 64 mA cm™ of maximum current density, and the open-circuit voltage of 0.98 V,
significantly higher than that found using the cell with the commercial Pd/C on NF electrode.
This excellent performance is mainly attributed to the nickel foam of unique
three-dimensional structures and the outstanding formate catalyst PAAUAg/CNT nanoalloy.
These results indicate that the cell with the PAAUAg/CNT on NF electrode will be a
promising candidate for the passive air-breathing formate fuel cell in portable electronics.
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Table 1 Performances of the passive air-breathing formate fuel cells

Fuel Oxidant Anode Cathode  T(°C) Pma (MWcm™?) Ref.
HCOOK Air PdAUAg/CNT Pt/C 25 16 This work
HCOOK Air Pd carbon 25 2.53 [52]
HCOONa Air Pd Pd 25 8.9 [25]
HCOONa Air Pd/C Fe-Co 23 9.9 [53]

HCOONa Air Pd Fe-N 25 10.01 [54]




Table 2 Comparison of the performances of the passive air-breathing formate fuel cell

with different anode and cathode catalysts

Anode Cathode P max Vocv I max

(MW cm) V) (mA cm?)
PdAUAg/CNT on NF Pt/C on NF 16 0.98 64
Pd/C on NF Pt/C on NF 7.3 0.97 30
PdAuAg on NF Pt/C on NF 6 0.9 26
PJdAUAg/CNT on CP Pt/C on NF 4.2 0.85 20

NF: Nickel foam

CP: Carbon paper

Pmax: The peak power density
Vocv: Open circuit voltage

imax: The maximum current density
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Figure 1. Schematic diagram of the passive air-breathing formate fuel cell.



Figure 2. Photograph of the passive air-breathing formate fuel cell.
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Figure 3. The (a) polarization and (b) power density curves of the passive air-breathing
formate fuel cell with different concentration KOH. (Anode loading was 10 mg cm™
PAAUAg/CNT on nickel foam, cathode loading was 10 mg cm Pt/C on nickel foam. Anode
was KOH + 5 M HCOOK, cathode was air, temperature of fuel and fuel cell was 25 °C)
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Figure 4. Different curve types of Nyquist plots at low frequency
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Figure 5. The (a) Nyquist and (b) Bode plots of the passive air-breathing formate fuel cell at
various KOH concentrations with 5 M HCOOK as the anode fuel. The inset shows the
equivalent electric circuit of fitting the Nyquist plot.
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Figure 6. The (a) polarization and (b) power density curves of the passive air-breathing
formate fuel cell with different concentration formate. (Anode loading was 10 mg cm™
PAAUAg/CNT on nickel foam, cathode loading was 10 mg cm Pt/C on nickel foam. Anode
was 4 M KOH + HCOOK, cathode was air, temperature of fuel and fuel cell was 25 °C)
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Figure 7. The (a) Nyquist and (b) Bode plots of the passive air-breathing formate fuel cell at
various formate concentrations with 4 M KOH as the anode fuel.
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Figure 8. The (a) polarization and (b) power density curves of the passive air-breathing
formate fuel cell with different operation temperatures of fuel and fuel cells. (Anode loading
was 10 mg cm? PdAUAg/CNT on nickel foam, cathode loading was 10 mg cm Pt/C on
nickel foam. Anode was 4 KOH + 5 M HCOOK, Cathode was air)
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Figure 9. The polarization (V-1) and power density curves of the passive air-breathing
formate fuel cell. (a) PAAUAg/CNT on nickel foam as anode and Pt/C on nickel foam as
cathode; (b) Pd/C on nickel foam as anode and Pt/C on nickel foam as cathode; (c)
PdAUAgQ/CNT on carbon paper as anode and Pt/C on nickel foam as cathode; (d) PdAuAg on
nickel foam as anode and Pt/C on nickel foam as cathode. (Anode loading was 10 mg cm™
PdAUAgQ/CNT or Pd/C, cathode loading was 10 mg cm Pt/C. Anode was 4 M KOH + 5 M
HCOOK, cathode was air, temperature of fuel and fuel cell was 25 °C)
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Figure 10. Stability tests at different current densities. (a) PAAUAQ/CNT on nickel foam as
anode and Pt/C on nickel foam as cathode ; (b) Pd/C on nickel foam as anode and Pt/C on
nickel foam as the cathode.





