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ABSTRACT

Ammonia can be directly used as fuel to generate electric energy in a low-temperature direct
ammonia fuel cell (DAFC), making the DAFC an attractive option for zero-emission
transportation. However, with a high-performance and durable DAFC still to be
demonstrated, and with the remaining need to identify a suitable first market, the
introduction of this technology has been delayed so far. Here, we report a high-performance
DAFC stack enabled by a hydrophobic spinel cathode, which achieves the best combination
of performance and durability reported to date. Peak power density of 410 mW cm™ and
continuous operation for 80 hours at 300 mA ¢cm were achieved for the first time in 5 cm?
DAFCs, and then successfully scaled up to 50 cm?. Five such cells were assembled into a 75
W DAFC stack using graphite bipolar plates, demonstrating stack performance at the level
expected from the single cell tests. The best combination of performance and durability for
the single cell and, particularly, the demonstration of the world’s first DAFC bipolar stack,
constitute significant milestones in the development of DAFC technology. We also performed
an in-depth techno-economic analysis of a 2 kW, 10 kWh DAFC system serving as power
source for drones. Based on the DAFC performance demonstrated by us to date, such system
can be a competitive power source over hydrogen fuel cells and Li-ion batteries.
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Decarbonization of various sectors of the economy has become a major target, particularly so
in the case of the transportation sector'. At the same time, ammonia has been gaining recognition
as alternative fuel of significant potential for decarbonization of that sector. This recognition is
based on the fuel’s high energy density, large-scale global production, extensive existing
infrastructure, and low cost per unit energy*''. The recent attention to ammonia/air fuel cell power
sources, is explained by this rising interest in ammonia as a non-carbon, alternative fuel for
transportation'?%°, Low-temperature direct ammonia fuel cell (DAFC) has two important features
of low temperature operation and direct use of the fuel stored on board as the anode feed stream.
The importance of these two characteristics has been demonstrated by the successful
commercialization of proton exchange membrane fuel cells (PEMFCs) as power sources for
vehicles. The power system simplicity and the absence of high temperature fuel processing

upstream the stack, are common to fuel cells with the direct H> and NHs.

The optimum temperature for the operation of the DAFCs is ~100 °C -- a compromise between
(1) the need of higher cell temperature for enhancing the rate of the sluggish ammonia oxidation
reaction (AOR) and, (ii) the upper limit of cell temperature defined by the demands of thermal
stability for all cell components. As shown by us before®!%!3:16:27.28 " the operation of the DAFC
near 100 °C addresses to significant degree the power density demand, while leaving the door open
for the use of ionic membranes -- the electrolyte of choice for low temperature fuel cells over the
last 60 years. Indeed, the significant advances reported in recent years in performance and
longevity of the DAFCs, were enabled by the progress in the development of hydroxide exchange
membranes (HEMs) of high conductivity, and improved chemical and mechanical stability®.

Such HEMs are a critical requirement for the development of polymer electrolyte DAFCs, as the



proton conducting ionomers used for hydrogen fuel cells are deactivated by even ppm levels of

ammonia, converting the protons in the ionomer to ammonium cations*’.

With the quality of HEMs improving significantly, more recent DAFC R&D efforts have
targeted electrocatalysts of higher activity, and cell structures and operation conditions that secure
an optimized distribution of an aqueous component across the cell thickness dimension. The anode
catalysts identified to date as most active in the AOR at cell temperature below 120 °C, are based
on Pt and Ir, in the form of either a binary alloy or the mixtures of Pt and Ir components. The
limited catalytic activity of even these most active catalysts and the limited useful range of anode
overpotentials available for the AOR at Pt and/or Ir catalysts, explain the requirement of cell
operation at ~100 °C as the condition for reaching high peak power densities®?. The choice of a
cathode catalyst for the DAFC has been directed by (i) the desire to avoid use of any platinum
group metal (PGM) beyond the high loadings of such catalysts required to date in anode and, (ii)
a minimal effect of any contact with ammonia on the catalyst oxygen reduction reaction (ORR)
activity. The latter directive stems from the recognition that some crossover of aqueous ammonia
into the cathode is existing in DAFCs used to date. Coupling with ammonia crossover, our previous
work further shows that the cathode of DAFCs is subjected to severe flooding due to high water
concentration gradient from anode to cathode and high water permeability of HEMs?’. As such,
an ideal cathode is a cathode with an ORR catalyst that is highly tolerant to ammonia and highly

resistant to flooding, allowing for the best combination of cell performance and durability.

Because a single cell cannot produce enough power output for transportation application, there
is a crucial need to develop a DAFC stack consisting of a number of individual cells that can be
ultimately built into a system. In addition to high-performance single DAFC requiring advanced

materials and optimized operating conditions, the rational design for DAFC stacks is also an



important factor to attain a high-performance DAFC stack. The bipolar plate design is critical
because it is the key component in bipolar fuel cell stacks**=®. As for the bipolar plate's material
selection, the most popular materials are metals and graphite composites®’**. Graphite offers low
interfacial contact resistance and high resistance to corrosion by ammonia and potassium
hydroxide. Still, some commonly used resins in composite graphite plates have insufficient
chemical resistance, including vinyl ester and acrylic resins. A commercially available graphite-
polypropylene composite bipolar plate was chosen to provide the necessary chemical resistance.
Shunt current is also a particularly acute concern in DAFC stacks with graphite bipolar plates
because strong base electrolyte, which is usually added into ammonia fuel for acquiring high cell
performance, circulates through the anode side and leads to potential corrosion of graphite bipolar
plates. Thus, minimizing the harmful effects of shunt current is essential for the designers of DAFC
stacks. Also, compression load plays an important role in the performance of the stacks in a

complex manner*®*!.

Ultimately, a system including all necessary components will be needed to operate a DAFC
stack to fulfill the practical application. From a commercialization perspective, the promising first-
market which is the best fit for DAFCs is drones (unmanned aerial vehicles), particularly for
agricultural use. In this industry, drones are commonly equipped for aerial photography,
hyperspectral surveying, or nutrient/pesticide delivery. The majority of these businesses' emphasis
is on taking heavy loads beyond the visual line of sight due to the large land areas they need to
cover. Battery-powered drones are popular for the current drone market, but one of the biggest
obstacles is their short flight time under 40 minutes*?. Hydrogen-powered drones are beginning to
enter the plug-and-play drone market**. However, the main challenge of using hydrogen-powered

drones is hydrogen availability and transportation. We posit that it would remain highly



competitive if a DAFC device can provide at least two hours of autonomy and be rated for at least

2 kW of power.

In the present work, we report a high-performance DAFC stack based on hydrophobic spinel
cathodes and optimal stack designs. Firstly, ORR activities of three spinel catalysts (Co2MnOs,
Co2FeO4, and Co0304) in the presence of ammonia are examined in DAFCs for the first time.
Co2MnO4 provides superior performance in both ex-situ rotating disk electrode (RDE)
experiments and in-situ DAFC tests. A hydrophobic cathode containing a hydrophobic agent
(PTFE) in the catalyst layer is carefully designed to improve DAFCs' performance and durability
significantly. With optimized conditions, a power density of 410 mW cm™ is achieved, exhibiting
comparable cell performance with the state-of-the-art of DAFC, and the best durability for DAFCs
to date is also realized, showing a continuous voltage output for 80 hours at 300 mA cm™ with an
average decay rate of 1.6 mV/h. Secondly, a 75 W DAFC stack comprising five individual 50 cm?
cells, designed by considering the shunt current issue based on graphite bipolar plates, is
demonstrated to operate at 90 °C. Finally, a 2 kW, 10 kWh DAFC-based system is analyzed to
project the system efficiency and energy density and is compared to hydrogen and battery
alternatives. This work represents pioneering results and further sheds new light on DAFCs
technology development for practical applications.

Evaluation of Spinel ORR catalysts for use in the DAFC cathode

A variety of transition metal spinels exhibiting significant ORR catalytic activity have been
discussed in the literature*, in which the ORR activity of spinel catalysts exhibits a volcano trend
versus the occupancy of e, orbitals in the coordination structure of octahedral sites. For the case
of a DAFC cathode, the selection of a specific catalyst should be based on the ORR activity

measured at the catalyst/aqueous base interface and the degree of interference by ammonia.



Ammonia could affect the rate of the ORR at a cathode catalyst surface by adsorption of NHj3
and/or surface intermediates formed by AOR at catalyst sites active due to the coordination effect,
which may also varies with different occupancy of ey orbitals. Ammonia could also affect the
performance of the cathode catalyst by generating a faradaic, ammonia oxidation current at the
cathode catalyst, thereby reducing the net cathode current at some given cathode overpotential.
Herein, the ORR activities of three CooMOs catalysts (M = Mn, Fe, Co) with different e,
occupancy of the metallic cation in octahedral sites were evaluated for their activity in the presence
of ammonia. Figure 1 presents the jorr vs. potential (vs. RHE) dependence measured for the three
spinel catalysts using a RDE in the presence and absence of ammonia. The effect of ammonia on
cathode polarization is seen to be small in all cases, meaning that these spinel catalysts are not
deactivated substantially in contact with ammonia nor do they generate a significant AOR current
in the relevant cathode potential range. CooMnO4 offers the best ORR activity in the presence of
ammonia, as it does in an ammonia-free electrolyte. The measured mass activity for CooMnO4 at
0.85 V vs. RHE at 25 °C is 119 mA mg™', quite higher than that of Co2FeO4 (40 mA mg™"') and
Co0304 (35 mA mg™). It should be noted that the ORR activity loss of CooMnOs is much lower
than that of Pt catalyst by comparing the shift of their half-wave potential after ammonia is added.
The half-wave potential of CooMnOs slightly shifts by 20 mV (from 0.86 to 0.84 V vs RHE) while
Pt catalyst exhibits a shift of half-wave potential by 50 mV (from 0.9 to 0.85 V vs RHE) in previous
work®.

To examine their performance as catalysts in DAFCs, Co2FeO4, Co2MnQs, and Co304 catalyst
were sprayed on the cathode side of HEM to create catalyst coated membrane (CCM) with
hydroxide exchange ionomer (HEI) as described in previous reports®?’. DAFCs with the above-

mentioned cathodes and Ptlr/C anodes, were assembled and tested by feeding the anode with a 7



M NH3 in 1.25 M KOH solution. Figure 2 shows that the best cell performance was obtained for
the DAFC with the CooMnO4 cathode catalyst, agreeing well with the RDE results. A peak power
density of 235 mW cm™ was achieved with the CooMnOjs cathode catalyst when operating at
temperature of 110 °C. Additionally, a continuous DAFC operation for 63 hours is observed at
300 mA cm™, operating at 100 °C. Although there is still degradation and voltage fluctuation issues,
this DAFC durability has been better than the DAFC that has Acta 4020 cathode, which shows a
dramatic degradation caused by its specific micropores structure (most active sites are located
inside of micropores and thus are easier to be blocked by water) in previous report?”*>. Based on
these results, the Co2MnOy catalyst is selected for further investigation.
Facilitating oxygen transport through the cathode by addition of PTFE

The performance of a cathode in a polymer electrolyte fuel cell is determined jointly by the
kinetics of the ORR and the oxygen transport resistance of the cathode catalyst layer (CL), where
the latter could have a significant effect on the performance at higher current densities?’. Previous
experimental results suggested that uptake of liquid water by a more hydrophilic cathode CL, can
result in oxygen transport limitations***’. With an aqueous solution of ammonia fed to the anode
of'the DAFC, significant cathode flooding can result from water crossover driven by a steep water
concentration gradient between anode and cathode and facilitated by the high water permeability
of HEMs. Supplementary Fig. 1 shows that the rate of water exiting the cathode exhaust when the
anode feed is aqueous ammonia, is significantly higher than that measured when the anode feed is
a hydrogen/water vapor mixture. This indicates a significant rate of liquid water crossover from
anode to cathode in DAFC, with most of this water crossing through the cathode catalyst layer
before exiting via the cathode exhaust. To reduce this flooding tendency, we used a more

hydrophobic cathode CL, where PTFE was incorporated into the catalysts layer coated on a gas



diffusion layer. As seen in Figure 3a, the contact angle of water for the surface of the PTFE-
containing gas diffusion electrode (GDE) was 140° compared with 40° for a CCM using only
ionomer as the bonding agent in the CL. Hence, the hydrophobic GDE should present better
resistance to flooding by liquid water, and thereby mitigate oxygen transport in the catalyst layer.

The improved oxygen transport rate expected for the hydrophobic GDE, is confirmed by an
ORR limiting current test based on a half-MEA design (Supplementary Fig. 2). With neat oxygen
at 100% RH and 25 °C, the CCM and GDE show a comparable ORR activity (Supplementary Fig.
3). However, when a cathode feed with a small fraction of oxygen (0.2 % Oz in N) is used and
the operating temperature is elevated to 70 °C, the cell with PTFE added to the cathode CL exhibits
clearly a higher limiting current, suggesting that the added PTFE can better secure high oxygen
transport rate under conditions of significant water crossover.
Performance and durability of a single cell with a cathode CL containing PTFE

A performance comparison of two DAFCs employing GDE and CCM-based cathodes is shown
in Figure 4a. Following area-specific resistance (ASR) correction (85 mQ cm™ and 69 mQ cm™
for DAFCs with GDE-based and CCM-based cathode, respectively), the DAFC with the GDE-
based cathode (PTFE added) exhibits higher performance than the DAFC with the CCM-based
cathode (no PTFE added), confirming the merit of adding PTFE to the cathode CL. We also studied
the effect of varying the CooMnOs loading in the cathode on DAFC performance. As seen in
Supplementary Fig. 4, the DAFC performance increases with CooMnOs loading in the cathode
between 0.2 mg cm™ to 1.2 mg cm™, and the CooMnOy4 loading of 1.2 mg cm™ provides the best
performance showing an improved performance in the low current density regions.

Because PTFE is a non-hydroxide conductive material and can not act as an ionomer to facilitate

hydroxide ion transport in the catalysts layer, the high ASR value in the GDE configuration is



observed. Ion transport's function in the catalyst layer of the GDE configuration is completely
dependent on penetrated KOH across the membrane from the anode feedstock. Consequently, we
increase KOH concentration from 1.25 M to 3 M in anode fuel to reduce the ASR of the cell. As
is shown in Figure 4b, rising KOH concentration can further reduce the ASR of the cell (85 mQ
cm™ for 1.25 M KOH vs. 60 mQ ¢cm? for 3 M KOH). This leads to a significant increase in cell
performance, achieving a peak power density of 410 mW cm™ that is comparable to the
performance of the state-of-the-art DAFC (420 mW cm?)!2.

Most importantly, in addition to the top-performing DAFC enabled by the hydrophobic GDE
configuration, the use of the hydrophobic GDE significantly can improve the DAFC stability.
Figure 4c shows the voltage-time plot for a DAFC with a PTFE-containing cathode CL,
demonstrating continuous operation for 80 hours at 300 mA cm™ with an average voltage loss rate
of 1.6mV/hour. Both the rate of voltage loss and the accompanying increase in ASR (from 60 mQ
cm’ to 90 mQ cm?) are much smaller than those recorded for DAFCs with a more hydrophilic
cathode CLs and/or with other types of cathode catalysts®’. It should be noted that a highly stable
voltage output is obtained in comparison to a fluctuating voltage output for the CCM based DAFC.
Recognizing that the overall performance of the DAFC is largely dominated by anode voltage
losses, these results highlight the significance of the cathode catalyst and the prevention of cathode
flooding in the determination of the DAFC’s performance and stability.

The reason for the degradation rate of 1.6 mV/h, accompanied by an increase in ASR over time,
is likely gradual chemical degradation of the HEM to decrease its ion exchange capacity (IEC)
during continuous operation, especially in a harsh condition (3 M KOH and 100 °C)*#4° As
shown in Supplementary Fig. 5, a remarkable reduction in ammonia crossover was observed

following the 80 h test: 149 mA cm™ at the end vs. 346 mA cm™ at the start. Such drop in ammonia



crossover is likely the consequence of HEM degradation. Another possible reason is AOR catalysts
deactivation caused by the formation of strongly chemisorbed ammonia oxidation intermediates
during the stability test>>0-2,
Building and testing a 5-cell DAFC stack of 50 cm” cell area

The performance of the 50 cm® MEA used in the DAFC stack described below, was examined
first in a single cell which was assembled using elements of the stack hardware acquired. This
hardware imposed an upper limit of 90 °C on the cell temperature during testing, defined by the
softening temperature of polypropylene which is chosen as sealant for the graphite plates to ensure
hardware immunity to ammonia. The polarization curve recorded for this single cell is shown in
Figure 5c, revealing a peak power density of 300 mW cm™. This peak power is lower than that of
the 5 cm? single cell (Figure 4) due to the lower operating temperature (90 °C vs. 110 °C) and the
higher ASR (110 mQ cm? vs. 60 mQ cm?). The higher ASR was caused, in part, by the higher
contact resistance (87 mQ c¢cm?, Supplementary Fig. 6), both in the bipolar plates and current
collectors. Each bipolar plate is made of two half plates to provide cooling channels, which adds
an interface. Additionally, the 50 cm? single cell graphite hardware was compressed less tightly
than our 5 cm? hardware, resulting in a higher contact resistance at the graphite plate/current
collector interface. In a stack, the current collector related resistance is amortized across many
cells and, consequently, has a lower impact.

We next looked into optimized stack parameters, including the number of cells to be used and
the optimal clamping load. The number of cells selected was determined by the shunt currents
calculated for the configuration of our stack hardwared which was based on a common inlet
manifold supplying the anode feed to each of the cells. When a fuel feed consisting of ammonia

mixed with strong base electrolyte (KOH), enters through such inlet manifold, distributes to the



individual cells, and recombines and leaves through an exit manifold, the large potential difference
between the first and last bipolar plate can cause carbon corrosion. To some extent, the potential
difference between the plates is mitigated by potential gradients in the electrolyte caused by shunt
currents flowing between cells. Supplementary Note 1 provides a calculation of the shunt currents
and plate surface potentials based on an equivalent circuit (Supplementary Fig. 7) representing the
anode manifold of a five-cell stack. At single cell voltage of 0.5 V, the highest plate surface
potential in a 5-cell stack of manifold dimensions employed, is calculated about 1.15 V vs RHE,
which avoids severe carbon corrosion. A stack of larger cells number could be built by using
bipolar plates with an insulating frame and conductive active area, so that the manifold surfaces
are not conductive. The optimal clamping load for the stack was evaluated before DAFC stack
assembly, by examining the effect of a range of torques (1.36 N.m, 2.03 N.m, 2.71 N.m, and 3.34
N.m) on the quality of the interefacial contact (Supplementary Fig. 8). Pressure paper tests
(Supplementary Fig. 9) showed that the quality of the contact increased with the torque all the way
up to 3.34 N.m and we consequently used a torque of 3.34 N.m for clamping the stack.

The assembled 5-cell DAFC stack which generated 75W of electric power, is illustrated in
Figure 5a and it’s polrization characteristic is presented in Figure 5b. Remarkebly, the average
peak power density of 300 mW cm™ for the cells in the stack is identical to the power density of
the single cell with the same surface area. The PTFE containing cathode CL and in-house
fabricated spinel catalyst were used in the five MEAs in the stack. The variation of the DAFC
stack voltage over time operating at 90 °C and constant current of 15 A, is shown in Figure 5d.
This stack was operated first for 3.5 h before shutting it down for the night, and the voltage

degradation is seen to slightly recover on stack restart on the next day. The beneficial effect of



open-cicuit conditions on recovery of the DAFC anode performance has been explained by
reductive desorption of strongly bonded AOR intermediates at the Ptlr catalyst’.

Projections in 2 kW, 10 kWh DAFC-based drone power system

Based on the DAFC stack prototype developed, we consider here the possible use of a DAFC-
based power system using liquid ammonia as the fuel on board for powering a drone. We have
made projections of the competitiveness of a drone power source based on a DAFC vs. a PEMFC
fueled by hydrogen and vs. battery alternatives. A DAFC system described in Figure 6a, includes
a stack, a fuel tank, liquid ammonia fuel, and the balance of plant (BOP) which includes a
compressor-expander module for the airflow, membrane humidifier, anode fuel mixer, recycle
pump, condenser, and an ammonia scrubber. Projections of the mass and volume for a 2 kW, 10
kWh drone power system are shown in Supplementary Table 1. Using the measured polariation
curve for the 75 W stack, the calculated system efficiency is given as a function of ammonia
crossover in Figure 6b, indicating that the loss of ammonia by crossover measured in such DAFCs
has a strong impact on system efficiency. For example, with an ammonia crossover rate of 346
mA cm™ measured for one single DAFC tested near 100 °C (Supplementary Fig. 5), the calculated
system efficiency at cell current of 300 mA cm™ generated at cell voltage 0of 0.47 V, is 17 %. At
the same cell current and voltage, system efficiency will be improved to 35 % or 33 % if ammonia
crossover could be reduced to 0 mA cm™? or 25 mA cm™ , respectively. As the system efficiency
have been calculated based on the polarization characteristic of the 75 W stack (Figure 5b), and
the efficiency can also be increased by opreation with the same catalysts at somewhat higher cell
temperature or, ultimately, with advanced MEAs of higher intrinsic performance. The most
important barrier, however, to higher DAFC effeciency, is loss of fuel by ammonia crossover that

could be most effectively treated using a selective barrier for blocking ammonia and



simultaneously maintaining high OH™ ion conductivity. For instance, system efficiency of 42 %
could be reached with the ultimate target - 0.58 V at 300 mA ¢cm™ and ammonia crossover of 25
mA cm?.

Because energy density is the key metric for drones, specific energy densities (mass and volume)
of 2 kW, 10 kWh DAFC-based drone power systems were estimated by calculating the
contributions of the stack, the full fuel tank, and BOP to the system mass and volume
(Supplementary Note 2). As seen in Figure 6¢, with operation point of the DAFC stack of 0.47 V
per cell at 300 mA cm™ and ammonia crossover of 346 mA cm™, the gravimetric and volumetric
energy densities are 0.4 kWh kg and 0.3 kWh L', respectively. With an ultimate target of 0.58
V at 300 mA ¢cm™ and ammonia crossover limited to 25 mA ¢cm™, the gravimetric and volumetric
energy densities could be improved to 0.65 kWh kg™ and 0.5 kWh L', respectively. In comparison,
the hydrogen fueled system has energy densities of 0.52 kWh kg and 0.22 kWh L, and the
battery possesses energy densities of 0.2 kWh kg™ and 0.4 kWh L', The results show that the
DAFC-based power system for drones would be highly competitive by following a significant
reduction of the ammonia crossover and further enhancement of the cell power output. Further

work along these lines has been pursued.

Conclusions

In summary, we report here significant advancements in polymer electrolyte DAFC technology
at the cell and the stack levels. The cell performance and durability have both been well advanced
by use of a spinel ORR catalyst, CooMnO4, which was synthesized in-house and examined in
DAFC cathode for the first time. This catalyst offered the best performance in both ex-situ RDE

measurements and DAFC tests. A hydrophobic DAFC cathode employing the Co2MnQO4 catalyst



enabled a high peak power density of 410 mW c¢m™, and importantly, the best DAFC durability
reported to date, an 80 hours run at 300 mA cm™. A first DAFC stack of 75 W was successfully
assembled using the hydrophobic CoMnO4 cathodes and Ptlr/C anode catalysts. The 5 cell, 50
cm’ stack was built of graphite hardware and exhibited average cell performance practically
identical to that of a single 50 cm?® cell. The shunt currents estimated from the dimensions of the
manifold in the stack, defined the number of cells allowed in the (unmodified) stack. Finally, a 2
kW, 10 kWh DAFC-based power system for drones has been evaluated vs. a hydrogen fueled FC
system and a Li-ion battery. The work presented in this manuscript demonstrates the state-of-the-
art in DAFC technology, and provides critical insights towards the further development of high-
performance DAFC power sources that could be used as energy-efficient, carbon-neutral power

systems for transportation.
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Methods

Synthesis of spinel catalysts

CooMOs (M = Mn, Fe, Co) was synthesized as follows**. Co(OAc),-4H,0 (127.5 mg, Sigma-
Aldrich) was firstly dissolved in 24 mL ethanol, and then 60 mg Vulcan XC-72R carbon was added
into the solution. The mixture was sonicated for 10 min and following by adding dropwise the
mixture of 0.44 mL ammonia (28 wt%) and 20 mL ethanol. After the suspension was sonicated
for 10 min, the solution of Mn(OAc)24H>0 (62.5 mg, Acros), Fe(NO3)3.9H>0 (103 mg, Sigma-
Aldrich), or Co(OAc)24H>0 (63.8 mg, Sigma-Aldrich) dissolved in 1.5 mL water was added. The
final suspension was heated at 60 °C for 12 h under reflux and then transferred to Teflon autoclave
for the hydrothermal reaction at 150 °C for 3 h. The CooMOs product was collected by
centrifugation and thoroughly washed with water and ethanol, then dried under vacuum.

Ex-situ RDE experiments

The ORR catalysts sample (1 mg) was ultrasonically dispersed in 1 mL mixed solvent of ethanol
and water (1:1 v/v), and then 10 pL of Nafion solution (5 wt% in ethanol) was added to the
suspension. The suspension was dropped onto a rotating disk electrode (5.0 mm in diameter) with
a glassy carbon substrate and dried for 2 h at room temperature to fabricate the electrodes. The
catalyst loading was 0.028 mg cm™. The electrochemical measurement on RDE was performed in
a standard three-electrode system controlled by Biologic VMP-2 potentiostat. A clean graphite rod
is used as the counter electrode, and a saturated Ag/AgCl electrode is used as the reference

electrode.



Membrane-electrode-assembles (MEAs) preparation

Anode was prepared by coating Ptlr/C catalysts on carbon cloth with the catalyst loading of 2
mgpgm cm?. Utilizing isopropanol as the solvent and PiperlON TP-100 ionomer (PtIr/C:
Piperlon=9:1), the anode Ptlr/C catalyst ink was ultra-sonicated in an ice-water bath for 1 h to
form the uniform dispersion. The CCM-based cathode was prepared by spraying spinel catalysts
with a weight ratio of 8:2 to PiperlON TP-100 ionomer. The loading of spinel catalysts was 0.8
mg cm?. The GDE-based hydrophobic cathode was prepared by scrubbing CoMn;O4 catalysts
with a weight ratio of 6.5:3.5 to PTFE binder. The loading was determined to 0.2, 0.8 and 1.2 mg
cm, respectively.

Single-cell and stack evaluation test

The default test conditions for a single-cell with an active area of 5 cm?® or 50 cm? were anode fuel:
5 ml min™ at 2 bar, for the polarization curves test and 2 ml min™' at 2 bar, for the durability test;
cathode fuel: 500 ml min™ O at 100 % RH at 2 bar; cell temperature: 110 °C for the polarization
curves test and 100 °C for the durability test. The default test conditions for a 5-cell stack were
anode fuel: 25 ml min' at 2 bar, for the polarization curve test and 15 ml min" at 2 bar, for the
durability test; cathode fuel: 2500 ml min' O, at 100 % RH at 3 bar, for the polarization curve test

and 1500 ml min! O, at 100 % RH at 3 bar, for the durability test; cell temperature: 90 °C.

Data Availability
The data that support the plots within this paper and other findings of this study are available

from the corresponding author upon reasonable request.
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Fig. 2 | Performance and durability of DAFCs. a, Polarization and power density curves of DAFCs with different
spinel catalysts based CCMs. Test conditions: cell temperature of 110 °C, 5 mL min' 7 M NH; in 1.25 M KOH at 2
bar, 0.5 L min! O, with a humidifier at 95 °C and 2 bar,. b, The durability test of the DAFC with different spinel
catalysts based CCMs. Test conditions: at 300 mA cm?, cell temperature of 100 °C, 2 mL min’ 7 M NH; in 1.25 M
KOH at 2 bar, 0.5 L min O, with a humidifier at 95 °C and 2 bar,. Anode: 2 mgpgmem™ Ptlr/C with PiperlON PAP-
TP-100 ionomer. HEM: PiperION membrane (13 pm thickness, reinforced PAP-TP-85). Cathode: 0.8 mg spinel
catalysts with 20 wt% PiperlON PAP-TP-100 ionomer.
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Fig. 4 | Performance and durability of DAFCs with Co2MnOj catalysts. a, Polarization and power density curves
of DAFCs with Co,MnO; based CCM and GDE, respectively. b, Comparison of polarization curves of the DAFC
with Co:MnOj4 based GDE at different KOH concentrations in anode feed. Test conditions: cell temperature of 110 °C,
5 mL min" 7 M NH; in 1.25 M or 3 M KOH at 2 barg 0.5 L min™' O, with a humidifier at 95 °C and 2 bar,. ¢, The
durability test of the DAFC with CooMnQO, based GDE. Test conditions: at 300 mA cm?, cell temperature of 100 °C,
2 mL min! 7M NH; in 3 M KOH at 2 bar, 0.5 L min"' O, with a humidifier at 95 °C and 2 bar,. Anode: 2 mgpgmem™
2 Ptlr/C with PiperlON PAP-TP-100 ionomer. HEM: PiperION membrane (13 pm thickness, reinforced PAP-TP-85).
Cathode: 1.2 mgem? Co,MnO4 with 20 wt% PiperlON PAP-TP-100 ionomer.
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