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Abstract

To reduce the platinum group metal (PGM) loading in anion exchange membrane fuel cells
(AEMFC), it is important to transition to catalysts with very low PGM content, and eventually to
catalysts that are completely PGM-free. In this work, four supported low-PGM Pt and PtRu
catalysts were prepared using a new, simple, scalable technique: Controlled Surface Tension
(CST) method. CST allows for a high density of very small multi-atom clusters. Catalysts were
physically characterized using a wide array of techniques and tested for their ORR and HOR
activity both ex-situ and integrated into operating AEMFCs. The PGM loading was reduced by a
factor of 14 while achieving comparable performance to commercial catalysts. AEMFCs were also
assembled with ultralow PGM loading (0.05 mgPGM/cm?), where PtRu anodes were paired with

Fe—N-C cathodes, to achieve a specific power of 25 W/mgprem (40 W/mgpy).



1. Introduction

Anion exchange membrane fuel cells (AEMFCs) are a possible lower-cost drop-in
replacement for well-developed and commercialized proton exchange membrane fuel cells
PEMFCs. AEMFCs operate at similar temperatures and pressures as PEMFCs, and their
performance and durability have increased significantly in recent years [1-7]. State-of-the-art peak
power densities for AEMFCs are 3.5 W cm 2 [8] with H2/O; gas feeds and 1.8 W cm™2 with H/air
(CO»-free). AEMFCs have also been reported that can be operated stably and continuously for
more than 2000 hours with less than 5% total voltage decay [9]. The true advantage of AEMFCs
over PEMFCs is the opportunity to offer much lower cost [10] by allowing for cheaper materials
as membranes, bipolar plates, and electrocatalysts [11,12]. From a catalytic perspective, the lower
operating potential in alkaline vs. acid media manipulates the structure of water near the surface
of the catalyst, leading to enhanced oxygen reduction reaction (ORR) kinetics. This is expected to
allow researchers to reduce the platinum group metal (PGM) loading significantly or allow PGM-
based materials to be completely eliminated [13], and some PGM-free ORR catalysts have already
been reported in AEMFCs with power densities as high as 2 W cm [13-15]. However, all of the
achievements mentioned above — even those with PGM-free cathodes — have been made using
AEMFCs with overall high PGM content (~ 1 mge: cm?) [16,17].

To facilitate the transition of AEMFCs from high-PGM to low-PGM to PGM-free, the U.S.
Department of Energy (DOE) recently set several targets for AEMFCs [18]. In these targets, the
full cell PGM loading should be reduced to 0.2 mg cm by 2023, 0.125 mg cm by 2024, and zero
PGM by 2030. The near-term DOE targets can be met by reducing the loading of existing catalysts,
which can be accomplished by maximizing dispersion and metal utilization [19]. One effective
strategy is to do this is to create atomically-dispersed catalysts, which can take the form of single

atoms or small multi-atom clusters [19-21].



Unfortunately, a scalable method for the creation of single atom or multi-atom cluster
catalyst is not yet available. One of the most widely used synthesis methods in industry today is
dry impregnation (D), also known as incipient wetness impregnation, because it requires few steps
and can be done rapidly and economically at the kg scale. DI uses a small amount of water
(typically equal to the titrated pore volume of the support) to dissolve the catalyst precursor. Water
can dissolve most industrial precursors because it has the highest polarity among all conventional
solvents [22]. However, it has been reported that the capillary effect caused by the high surface
tension of water causes agglomeration of the precursors upon drying; this process is illustrated in
Figure la. Precursor agglomeration during drying intrinsically leads to the formation of large
nanoparticles [23]. One of the ways to overcome the limitations of DI is to control the surface
charge of the support, which is the underlying principle behind the strong electrostatic adsorption
method [24,25], though the resulting catalysts using that method and others is typically smaller
nanoparticles, not single atoms or multi-atom clusters.

One approach to create ultra-small catalyst structures is to reduce the surface tension of the
solvent phase during synthesis. Reducing the surface tension will minimize the capillary effect,
resulting in a higher number of smaller solvent droplets (as opposed to a smaller number of larger
droplets in DI). Smaller droplets means fewer precursors in intimate contact during synthesis,
leading to a much better dispersion of single-atoms and clusters. An illustration of this controlled
surface tension (CST) method and its comparison with DI is provided in Figure 1. In the CST
method, the surface tension of the precursor solution is reduced by introducing a second polar
solvent with lower surface tension, e.g., acetone. The mixing of water and acetone will not only
alter the surface tension of the solution, the difference in physical properties between the two

solvents also triggers the Marangoni effect, spontaneously mixing the synthesis media throughout



the pores [26]. In metallic structures, this will mean a more homogeneous composition throughout.
Reducing the surface tension of the solution also reduces the contact angle of the solvent droplets

upon drying, allowing for the formation of ultra-small precursor crystallites (Figure 1b).
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Figure 1 | Effect of local surface tension upon drying on resulting nanoparticles. Catalyst prepared by:
a) dry impregnation (DI) where the high surface tension of water results in large droplets upon drying, b)
controlled surface tension method (CST) which reduces the surface tension of the synthesis media by
addition of a wetting solvent (e.g. acetone) in the same volume as water to form ultrasmall droplets upon
drying. Catalysts were reduced under 10% H, (balance N.) at 170°C.

In this work, CST-synthesized Pt and PtRu clusters are prepared on two supports: Vulcan
XC-72R (VC, Cabot Corp.) and N-doped mesoporous carbon (NC, Pajarito Powder, ECS-
003701). The catalysts are extensively physically characterized by Cs aberration-corrected
scanning transmission electron microscopy (STEM), extended X-ray absorption fine structure
(EXAFS), and X-ray Absorption Near-Edge Structure (XANES). It is shown that these supported
Pt and PtRu catalysts are quite active for the oxygen reduction reaction (ORR) and hydrogen

oxidation reaction (HOR), respectively, which is shown not only in ex-situ tests, but the catalyst



is also integrated into state-of-the-art AEMFC electrodes, enabling record performance to be
achieved. Finally, AEMFCs with ultra-low PGM loading (0.05 mg cm) are assembled and tested,
with the goal of surpassing the U.S. Department of Energy 2022 performance target for AEMFCs:
initial performance of 0.65 V at 1.0 A/lcm? with Hx/O; reacting gases, temperature > 80 °C;

pressure < 150 kPa and total PGM loading <0.2 mg/cm?.

2. Experimental

2.1 Synthesis of 5 wt.% DI-Pt/VC, DI-PtRu/VC and DI-PtRu/NC

DI is widely used in industrial catalyst synthesis. The process starts by titrating with water
to find the pore volume of the support material. Then, a predetermined amount of metal precursor
(e.g. H2PtCle for a Pt catalyst) is dissolved in a particular volume of water equal to the support's
titrated pore volume. The precursor solution and the support are well mixed and dried overnight.
The resulting dry powder is then heat treated in a reducing atmosphere to yield the catalyst.

DI catalysts were prepared by dissolving H2PtCls and (NH4)2RuCle precursors at their
desired ratio in a volume of 18.2 MQ deionized water that was equal to the pore volume of the VC
or NC support. The support and precursor solution were added to a centrifuge tube and well mixed
by vortex mixer at 3000 rpm for 2 minutes. The mixture was a thick slurry, which indicated that a
majority of the precursor solution was taken up into the support. The slurry was then placed in a
fume hood and allowed to dry overnight. Lastly, the dried powder was put into a tube furnace and
heat treated at 170°C in a 10%/90% H2/N. atmosphere. The full details about these catalysts, and

all other catalysts used in this work, including their metal loadings, are presented in Table S1.



2.2 Synthesis of 5 wt.% CST-Pt/VC, CST-Pt/NC, CST-PtRu/VC, and CST-PtRu/NC

The catalysts synthesized using the CST method followed a similar procedure as DI except
for steps added before drying. The precursor solution and support were mixed in a centrifuge tube
using vortex mixer at 3000 rpm for 2 minutes. The volume of deionized water to form the solution
was again equal to the pore volume of the VC or NC support. After obtaining a uniform thick
slurry, acetone (as the wetting solvent) with same volume as water was added to the centrifuge
tube and mixed for another 2 minutes at 3000 rpm. The catalyst-water-acetone slurry was
transferred immediately into a crucible boat and placed inside a 1-inch tube furnace. After entering
the furnace, the slurry was first dried at 50°C for 30 minutes under flow of 10%/90% H2/N.. After
the drying step, the temperature was ramped up to 170°C at a rate of 2°C/min. The catalysts were
held at 170°C for one hour, after which they were cooled down to room temperature.

It should be noted that each catalyst was made and tested several times to ensure
repeatability and the results presented here are truly representative. In fact, the CST catalysts here

were made at least 5 times, having the same structure and properties each time.

2.3 Electron Microscopy

An imaging JEOL 2100F 200 kV scanning transmission electron microscope (STEM)
equipped with a CEOS Cs corrector on the illumination system was used to characterize the
catalyst via Z-contrast imaging. High angle annular dark-field (HAADF) STEM images were
captured with a Fischione Model 3000 HAADF detector with a camera length such that the
detector spanned 50 - 250 mrad. The scanning acquisition was synchronized to 60 Hz A.C.
electrical power to minimize 60 Hz noise in the images, and a pixel dwell time of 15.7 pys was

chosen. To prepare the sample for imaging, the catalyst was suspended in IPA and dispersed using



ultrasonic vibration for 1 min. Then, a droplet of the suspension was placed on the holly carbon-
coated (mesh 200, SPI Inc.) copper TEM grid on a platinum ring. A filter paper underneath the
TEM grid absorbed the liquid that passed through the carbon-coated TEM grid. The sample was
cleaned using an electron beam shower under vacuum for 15 min to clean the surface of chemical

residue.

2.4 XAS Data Collection

Pt Ls-edge and Ru K-edge X-ray absorption spectra were collected in fluorescence mode
at room temperature at the SAMBA beamline of the Synchrotron SOLEIL, using a sagittal
focusing double-crystal monochromator equipped with Si(220) crystals, and with a Canberra 35-
elements monolithic planar Ge pixel array detector. The samples were prepared as inks by
ultrasonically mixing 10 mg of catalyst with 50 pL of de-ionized water and 100 puL of 5 wt%
Nafion™ dipersion (DuPont). A 50 uL aliquot was then pipetted on ~3 cm? circular area of a 100
um-thick graphite foil (Goodfellow cat. C 000200/2) and installed in a customized electrochemical

cell [27] with N saturated 0.1 M NaOH electrolyte.

2.5 Electrochemical Measurements

All electrochemical measurements were performed on a thin-film rotating disk electrode
(RDE) or rotating ring disk electrode (RRDE) in a customized three-electrode cell that was made
by Adams & Chittenden Scientific Glass. A platinum mesh was used as the counter electrode and
a double junction Ag/AgCl was the reference electrode (Pine Research Instrumentation, 4 M
aqueous KCI internal solution) [28]. To study the ORR, cyclic voltammograms were collected

with N2 and O saturated electrolyte using an Autolab PGSTA302N potentiostat. The working



electrodes were made by first creating an ink and then depositing that ink onto the glassy carbon
RRDE disk (E6R2 Fixed-Disk RRDE Tips PEEK, Pine Research Instrumentation, Pt ring, disk
geometric surface area: 0.237 cm?). This was done for synthesized DI-Pt/VC, CST-Pt/VC, CST-
Pt/NC and Fe-N-C[29] catalysts. 8.5 pL of ink with the following composition were deposited
onto the electrode: 5 mg of catalyst, 744 uL of IPA, 92 uL of DI water, and 54 pL of 5 wt% Nafion
ionomer dispersion (DuPont). The pH of the ink was adjusted to 10 by adding a small amount of
0.1 M KOH. For commercial Pt/\VC (denoted as Com-Pt/VC; Alfa Aesar HISPEC 4000, Pt
nominally 40 wt%, supported on Vulcan XC-72R carbon) working electrodes, the procedure was
slightly different. There, 4.2 uL of a catalyst ink with the following composition was deposited
onto the electrode: 2.5 mg catalyst, 744 uLL IPA, 92 uL. DI water and 54 pL 5wt% Nafion ionomer
dispersion (DuPont). All of the films were dried at room temperature on a gravity leveled inverted
rotator spun at 700 rpm. Prior to thin-film deposition, the glassy carbon electrodes were polished
with a 0.05 um alumina suspension and carefully washed with 18.2 MQ c¢m Millipore ultrapure
water (UPW) and dried in air for 20 min. The three-electrode cell was washed using the UPW and
aqueous 0.1 M KOH before use (10 times and 5 times, respectively) [28].

To measure the ORR activity, the disk electrode was rotated at 1600 rpm in O-saturated
0.1 M KOH and the voltage was scanned at a rate of 20 mV/s between 0.2 V - 1.05 V vs RHE.
The ring electrode potential was set to 1.1 V vs. RHE. The hydrogen peroxide yield (% H20) and

electron transfer number (n) were calculated by the Equation 1 and Equation 2, respectively [30].

Hy0,% = 200 x —T @)
ld+N—C
n=4x- idir (2)
ld+N—C

Where n is the average number of electrons transferred per reacting oxygen, iq is the disk current,

iris the ring current, and N.c. is the collection efficiency of the RRDE (N = 0.38). At each potential,

9



Equation 3 was used to determine the kinetic current density. The kinetic current at 0.9 V was used

to find the mass activity of the catalyst from Equation 4 [31].

_ Lim(A)x1(4)
K™ Lim@)-1(4) @)
Mass Activity = IEK (4)

Where Ik is the kinetic current and liim is the measured mass transport limiting current..

To study the HOR, the overall procedure and tools were similar to ORR, except for a few
changes. Cyclic voltammograms were collected with N2 and H> saturated electrolyte using an
Autolab PGSTA302N potentiostat. The working electrodes were prepared by depositing a catalyst
thin film onto a RDE glassy carbon disk (E6R2 Fixed-Disk RRDE Tips PEEK, Pine Research
Instrumentation, Pt ring, disk geometric surface area: 0.196 cm?). This was done for synthesized
DI-PtRU/NC, CST-PtRu/VC, and CST-PtRu/NC catalysts by dropping 8.5 pL of an ink with the
following composition onto the electrode: 5 mg of catalyst, 744 uL of IPA, 92 uL of DI water, and
54 uL of 5 wt% Nafion™ ionomer dispersion (DuPont). The pH of the ink was again adjusted to
10 by adding a small amount of aqueous 0.1 M KOH. For commercial PtRu/VVC (denoted as Com-
PtRu/VC; Alfa Aesar HISPEC 4000, Pt nominally 40 wt%,Ru, nominally 20wt% supported on
Vulcan XC-72R carbon) working electrodes, the procedure was slightly different. There, 4.2 uL
of a catalyst ink with the following composition was deposited onto the electrode: 2.5 mg catalyst,
744 uL 1IPA, 92 ul. DI water and 54 puL Swt% Nafion ionomer dispersion (DuPont).

To determine the HOR activity, the electrode was rotated at 1600 rpm in Ho-saturated 0.1
M KOH. The potential was scanned linearly at a rate of 20 mV/s from -0.05 V- 0.25 V vs RHE.
To determine the HOR mass activity, the current was read at a potential of 0.2 vs. NHE, which

was then divided by the mass of the catalyst on the working electrode.
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The electrochemically active surface area (ECSA) was determined by cyclic voltammetry
(CV), where the electrode potential was scanned from -0.05 V- 0.25 V vs RHE at a rate of 50 mV/s
in N-saturated 0.1 M KOH. From the CV’s, the charge related to hydrogen underpotential
deposition was calculated and the ECSA was found by Equation 5 [31]:

QH _ adsorpti(m(c) x 105
210uC cmpgy  *Lpey(Mmgpey cm 2)A,(cm?) (5)

ECSAPGMCClt(mZ gPGM B 1) = [

Where the catalysts electrochemical surface area (ECSAptcar) is reported in m? geem™ ; Qn is the
charge of full coverage for clean polycrystalline PGM, Lpewm is the working electrode PGM loading
(mgrem €M) and Aq (cm? ) is the geometric surface area of the glassy carbon electrode (0.196

cm?).

2.6 GDE Fabrication and AEMFC Testing

To prepare anode and cathode gas diffusion electrodes (GDEs), inks were prepared from a
combination of the catalyst powder, ionomer powder, and solvent [2,32]. The cathode catalyst was
either CST-Pt/VC, CST-Pt/NC or Com-Pt/\VVC. The anode catalyst was either CST-PtRu/VC, CST-
PtRUu/NC or Com-PtRu/VC. Ink preparation began by hand-grinding a powdered
poly(norbornene) tetra block copolymer ionomer [9] in a mortar and pestle for 10 min. Next, 200
mg of catalyst and 1 mL of UPW was added to the mortar and ground for 10 min, forming a
homogenous slurry. The AEI powder mass comprised 20 wt% of the total solid mass of all of the
catalyst layers in this paper. Then, 1.5 mL of isopropyl alcohol was added into the mortar, and the
thinning mixture was homogenized by another 5 min of grinding. A final 5 mL of IPA was added
to the mortar, and the final ink was transferred to a PTFE- lined vial and sonicated for 1 h in an ice
bath. The ink was sprayed onto a Toray TGP-H-60 gas diffusion layer (5 wt% PTFE wet proofing)

using an air-assisted sprayer (lwata) to fabricate gas diffusion electrodes (GDESs). It should also
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be noted that additional carbon and PTFE (8 wt %) were added to the anode catalyst layers to
obtain a AEI:C:Pt ratio of 0.417:1.5:1 [9].

To convert the counter ion for the quaternary ammonium groups in the polymers from the
bromide to the hydroxide form, the anode GDE, cathode GDE, and anion exchange membrane
(AEM) were hydrated in 18.2 MQ deionized water for 20 min and then soaked three times in 1.0
M KOH. The AEM in all tests was a 20 um-thick poly(norbornene)-based tetrablock copolymer
membrane with an ion-exchange capacity of 3.88 meq/g [33]. The membranes and GDESs were not
hot pressed together. They were assembled immediately after functionalization, removing excess
KOH, in 5 cm? active area Scribner cell with single channel serpentine flow fields. To maintain a
pinch of around 25%, 152 pm (6 mil, 0.006”) and 203 pm (8 mil, 0.008”) Teflon gaskets were
used on anode and cathode, respectively. The AEMFCs were controlled by a Scribner 850e fuel
cell test station. After a break-in procedure, the relative humidity (RH) of both the cathode and
anode reacting gases were adjusted to optimize the cell performance at the cell operating
temperature (80°C). The gases used in this study were ultra-high purity (UHP) H2, UHP O; and

simulated CO»-free air (a mix of UHP N2 and O2) from Airgas.

3. Results and Discussion

3.1 Atomic Distribution of Pt and Ru Atoms Prepared by Different Methods

Figure 2a shows a representative STEM image of a common 40 wt% carbon-supported Pt
commercial catalyst, Com-Pt/VC. It contains large Pt nanoparticles formed on the outer surface of
the support. The average Pt particle size for the commercial catalyst was 4.2 nm, as shown in the
quantitative particle size distribution in Table S2 and Figure Sla in the Supporting information.

There was a wide dispersion of particle sizes from ~1 nm up to 10’s of nm. The very large particles

12



can sacrifice metal utilization, increasing the required loading and cost of AEMFC electrodes, cells

and systems.

(a) Com-Pt/VC(40Wi%pt) _ & . (b) DI-Pt/VC(5w% Pt)

(c) €ST-Pt/VC(5w% Pt)

=
=

Figure 2 | STEM Images of the supported Pt catalysts. a) 40wt% Com-Pt/VC; b) 5wt% DI-Pt/VC;
c) 5wt% CST-Pt/VC; and d) 5wt% CST-Pt/NC.

The first catalyst that was produced in this work was a 5 wt. % DI-Pt/\VC (Figure 2b). It
was prepared by DI, which is likely similar to production method for the commercial catalyst.

Therefore, DI-Pt/VC is meant to be a benchmark catalyst to show how a lower-loading commercial
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catalyst would behave. The DI-Pt/VVC catalyst had a very similar particle size distribution to the
commercial catalyst (Table S2 and Figure S1 in the Supporting Information), though, because of
its lower metal loading, complete coverage of the outer surface of the support was not observed
and there were not as many large particles.

An analogous 5% Pt supported on VC-72R (CST-Pt/VC) was also prepared by CST. As
expected, by altering the surface tension of the synthesis media, the size distribution of resulting
Pt clusters was reduced. This is shown in the STEM images in Figure 2c as well as the size
distribution in Table S2 and Figure S1 in the Supporting Information. Another interesting note is
that manipulating the interaction between the support and solvent during synthesis allowed the
atomic clusters to access the micropores of the support. Hence, the catalyst is distributed
throughout the VC, not just on the surface. Unfortunately, it has been reported that due to their
small size, around 30% of the micropores in VC can be inaccessible during AEMFC operation
[34-37]. To resolve this issue, VC was replaced by mesoporous NC from Pajarito powder. The
surface area of this NC support is 800 m?/g and the pore structure is distributed mainly as
mesopores and macropores (Figures S3 and S4 in Supporting Information). A representative
STEM image of 5 wt.% CST-Pt/NC is shown in Figure 2d. It also showed very homogenous,
atomically-dispersed Pt clusters.

Supported PtRu bimetallic catalysts have been shown to be very effective catalysts for the
HOR in alkaline media and AEMFCs [38,39]. A STEM image of a common 60 wt% commercial
carbon supported PtRu catalyst (1:1 atomic ratio, ~2:1 mass ratio) is shown in Figure 3a. In that
catalyst, very large Pt and Ru particles covered the outer surface of the VC support. Because of
high catalyst loading, the largest agglomerates approach 100 nm in size, meaning that many of the

Pt and Ru atoms are completely inaccessible to facilitate the HOR. Additionally, it was observed

14



that Pt and Ru are not fully alloyed, but exist primarily as separated particles, mostly existing
independently on the support. This was also true for the 6 wt% DI-PtRu/\VC prepared internally
by DI, Figure 3b, though the primary particle size and agglomerates were much smaller than the
commercial catalyst (comparing Figure S2a and Figure S2b in the supporting information).

To maximize the bimetallic effects of the active centers, proximity of the active centers is
key to facilitate the HOR. The primary explanations for why PtRu works better in AEMFCs than
Pt rely on Ru modifying the work function of Pt [1,40,41]. This can be facilitated by the creation
of smaller structures with good metal-metal incorporation. Small structures can also improve
catalyst accessibility to reactants. To avoid agglomeration and the formation of large particles,
while encouraging a more homogenous distribution of Pt and Ru, CST was used to create two
supported PtRu catalysts: 6 wt. % CST-PtRu/NC (4%Pt-2%Ru) and 6 wt. CST-PtRu/VC (4%Pt-
2%Ru). Representative STEM images for those catalysts are shown in Figure 3c and Figure 3d,
respectively. The STEM images show that the Pt atoms (brighter) and Ru atoms (less bright)
existed together in the clusters in close proximity. This was enabled by the Marangoni effect,
which provides a well-mixed synthesis media that results in atomically mixed clusters. The
structures were much smaller than those produced at the same mass fraction by DI as shown in
Figure S2, and CST was able to produce ultra-small and uniformly distributed catalysts. Just like
the supported Pt catalysts, the pore structure of the supported PtRu catalysts was the main

difference between the VC and NC-supported low-loading catalysts.
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B Com-PtRu/VC‘40w%Pt20w%Ru) (b) DI-PtRu/VC(4W%Pt2W%Ru)

(d) CST-PtRu/VC(4w%Pt2w%Ru)
.

P

Figure 3 | Representative STEM images for supported PtRu catalysts. a) 60 wt% Com-PtRu/VC,;
b) 6 wt% DI-PtRu/VC; ¢) 6 wt% CST-PtRu/NC); d) 6 wt% CST-PtRu/VC.

Figures 4a and 4b show the comparison between the experimental x-ray absorption near
edge structure (XANES) spectra at the Pt L3- and Ru K- edges of the CST-PtRu/NC catalysts and
the metallic foils and oxides references. While the position of the threshold energy of the PtRu
catalyst exhibits a slight shift to higher energies relative to the bulk Pt and Ru (which is indicative
of a certain degree of oxidation), a strong oxidation of the Pt and Ru metallic sites can be ruled out

from comparison with PtO2 and RuO>. The spectra indicated a predominantly metallic state of Pt
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and Ru centers. Extended X-ray absorption fine structure (EXAFS) oscillations in k space are in
phase with Pt and Ru metal standards at each absorption edge (Figures 4c and 4d), demonstrating
that there was no sign of alloying or structural interaction between Pt and Ru. This is not surprising
as the post-deposition activation step in CST was carried out at mild thermal conditions (170°C),
which is not sufficient (350°C [42]) to form Pt-Ru alloyed nanoparticles. Therefore, the atoms here
should only exist in proximity to one another and not directly modify the electronic properties of
one-another. The amplitude of the EXAFS signals of the PtRu catalysts were reduced compared
to that of bulk Pt and Ru, which is due to the very small size of the metal clusters. [43-45]
Comparison of the Fourier transform (FT) of the EXAFS signals of PtRu catalysts with PtO and
RuO- references allows the presence of Pt-O and Ru-O bonds to be excluded (Figures 4e and 4f),
as well as the existence of PtNx and RuNx moieties, whose FT-EXAFS peaks would be located at

about 1.5 A (not corrected for phase shift).
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Figure 4 | Understanding the interaction between Pt and Ru in CST-PtRu/NC catalyts. Experimental
XANES spectra of (a) CST-PtRu/NC, Pt foil, and PtO; at the Pt Ls-edge and (b) PtRu, Ru foil, and RuO,
at the Ru K-edge(c) PtRu and Pt foil at Pt L3-edge, and (d) PtRu and Ru foil at Ru K-edge. Non phase-shift
corrected Fourier transform of the experimental EXAFS spectra of () Pt foil, PtRu, and PtO; at Pt L3-edge,
and (f) Ru foil, PtRu, and RuO; at Ru K-edge.

18



3.2 Ex-situ Electrochemical Measurements

The activity and selectivity of the CST-Pt/VC, CST-Pt/NC, DI-Pt/VC, and Com-Pt/VC
catalysts towards the ORR were investigated in O»-saturated 0.1 M KOH. Cyclic voltammograms
for all three catalysts are shown in Fig. 5a. The CVs show well-defined ORR reduction peaks
between 0.8 and 0.9V vs. RHE. CST-Pt/NC showed the highest double-layer current due to its
much higher surface area than the other supports. On the RRDE polarization curves at 1600 RPM,
Figure 5b, the half-wave potential for the CST-Pt/NC catalyst was about 0.865 V, which is close
to Com-Pt/VC even though the latter had a significantly higher loading. The better comparison is
with DI-Pt/VVC (Figure S5a), which has a similar loading to CST-Pt/NC, but with particles that
have poorer dispersion. As Figure S5a shows, the half wave potential for DI-Pt/\VC was much
lower, indicating that the activity of DI-Pt/\VVC is far less than CST-Pt/NC. The low potential
regime was also affected with DI-Pt/VC, suggesting that there was some mass transport issues
with that catalyst as well. The results in Figure 5b suggest that CST-Pt/NC is well-active for the
ORR in alkaline media, with a half wave potential (and hence overall activity) just slightly lower
than the commercial catalyst despite having a small fraction of the noble metal. However, it is
well established that that the half-wave potential alone is not a perfect measure for powder catalysts
[14] because loading effects can have a substantial impact on how the data is interpreted. A better
comparison between the catalysts is typically the mass-specific or area-specific activity. The mass
activity at 0.9 V vs. RHE for the Com-Pt/VVC catalyst was 113 A ge * (Figure 5c), while it was 99
A gpi ! for CST-Pt/VC and 230 A get  for the CST-Pt/NC. The DI-Pt/VC had the lowest activity.
In fact, its onset potential was so low (Figure S5a in Supplementary Information) that a mass
activity could not be reliably calculated at 0.9 V vs. RHE. These shows that CST-Pt/NC had a

much better Pt utilization than the commercial catalyst.
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Fig. 5| HOR and ORR Activities for CST, DI and Com catalysts. a) Cyclic voltammograms for CST-
Pt/NC, CST-Pt/VC and Com-Pt/VC in O-saturated aqueous KOH (0.1 M) electrolyte at a scan rate of
50 mV s at room temperature. b) ORR linear sweep polarization curves (20mV s™*) for CST-Pt/NC in
Oy-saturated aqueous KOH (0.1 M) electrolyte at various rotation rates, ¢) ORR mass activity for the various
ORR catalysts. d) Number of electrons (n) transferred per O, molecule and yield of hydrogen peroxide
(H202%) on the CST- Pt/NC catalyst as a function of potential over the entire experimental range, e) Cyclic
voltammograms for CST-PtRu/NC, CST-PtRu/VC and Com-PtRu/VC in Nj-saturated aqueous KOH
(0.1 M) electrolyte at a scan rate of 50 mV s* at room temperature. f) ECSA for the HOR catalysts. g) HOR
linear sweep polarization curves (20 mV s1) for CST-PtRU/NC in Hp-saturated aqueous KOH (0.1 M)
electrolyte at various rotation rates h) HOR linear sweep polarization curves (20mV s ) for the HOR
catalysts at 1600 rpm. i) HOR mass activity at 0.2 V.

Figure 5b shows linear sweep voltammograms (20 mVs™) for CST-Pt/NC carried out at
several different rotation rates between 400 and 2500 RPM. This was done in order to calculate

the H20- yield and the average number of electrons transferred (n), Figure 5d. The average value
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for n was 3.94 over the entire potential window and the yield of H20, was less than 4%. Most
importantly, between 0.6 and 1.0 V (the voltage range at which the cathode would operate in an
AEMFC), the n value was 4.0 (Fig. 5d), showing that the CST-Pt/NC catalyst was both active and

selective.

The sluggish kinetics of the HOR in alkaline media is a significant challenge for developing
new catalysts [40,46], and it has limited the development of PGM-free catalysts. Therefore, unlike
the ORR where PGM-free materials have emerged, lowering the PGM loading of the anode in the
AEMFC will likely rely initially on the utilization of supported PtRu with a low loading on the
support and in the electrodes. For this reason, the HOR activity of CST-PtRu/VC, CST-PtRu/NC,
and Com-PtRu/VC catalysts were evaluated. Thin films of the catalysts were deposited onto a
glassy carbon RDE and voltammograms were collected at scan rate of 50 mV s in Np-saturated
0.1 M KOH electrolyte. Figure 5e shows cyclic voltammograms for the three catalysts. Significant
differences in their electrochemical behavior were observed. The first difference is in the double-
layer capacitance, which results from the larger surface area of NC (800 m? g*) vs. VC (250 m?
g1) — just like what was observed with ORR. Using the CVs in this regime, the electrochemically
active surface area (ECSA) was calculated using Equation 5 in the Experimental. The ECSA of
the CST-PtRu/NC catalyst was 225% more than that of the Com-PtRu/VC and 150 % larger than
the CST-PtRu/VC (Figure 5f). The CST derived clusters have different ECSAs, which can be
caused by the different pore structure of the support and the ultra-small size of the clusters. The
CST clusters are small enough to fit inside the micropores of the VC support. The CST-PtRu
clusters on both VC and NC have a similar size distribution (Figure S2 ¢ and d). Almost 30% of

the surface area of the VVC support is inside micropores which will be inaccessible due to capillary
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effect of water present in the system. However, the NC support is mesoporous and all of the
ultrasmall clusters are expected to be accessible throughout the support.

Next, the HOR for CST-PtRu/NC was evaluated in Hz-saturated 0.1 M KOH at several
rotation speeds between 400 RPM and 2500 RPM (Figure 5g). Its behavior to the other catalysts
is compared in Figure 5h at 1600 RPM. It should be noted that the limiting current density at this
rotation rate was 2.42 mA cm for CST-PtRu/NC, which is very close to the theoretical value for
HOR in the alkaline environment [47]. The difference between CST-PtRu/NC and CST-PtRu/VC
in Figure 5h can be explained by the accessibility of the active sites and mesoporosity of the NC
support that makes active sites more accessible. The catalytic sites of CST clusters that are in
micropores of VC support are not accessible because the fluid inside micropores is stagnant and
might not be affected by the external flow caused by different rotation rates. For the same reason,
DI-PtRu/VC shows the lowest limiting current density in polarization curves (Figure S5b in
Supplementary Information). Figure 5i shows the HOR mass activity of the CST-PtRu/VC, CST-
PtRU/NC, and Com-PtRu/VC catalysts where the mass activity was the highest for CST-PtRu/NC,
and was directly proportional to the ECSA, showing that the primary advantage of this catalyst

was maximizing the number of active sites that were accessible to Hz in the reacting environment.

3.3 Integration into Operating AEMFCs and Performance

Figure 6 presents the initial polarization and power density curves for AEMFCs operating
with several catalyst configurations. In all cases, multiple cells were tested and representative data
is shown. All cells were operated at 80 °C with H2/O> reacting gas feeds. Figure 6a shows
polarization and power density curves for MEAs with the same high loading commercial PtRu

anode (mgery cM2) and three different cathodes: i) 0.6 mg cm2 Com-Pt/VVC; ii) 0.05 mg cm™
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Figure 6 | AEMFC results with CST and Com catalysts. a) H./ O, AEMFC voltage vs. current density
(solid) and power density vs. current density (dash) curves for three MEAs. The anode was 0.86 mg cm 2
of Com-PtRu/VC and the cathode was either 0.05 mg cm2 CST-Pt/NC, 0.05 mg cm? CST-Pt/VC or 0.6
mg p:cm2Com-Pt/VC. The cell was operated at 80 °C under H2/O> flows of 1.0 L mint. b) H,/ O, AEMFC
voltage vs. current density (solid) and power density vs. current density (dash) curves for three MEASs. The
cathode was 0.6 mg cm 2 Com-Pt/VC and the anode either 0.05 mg cm CST-PtRu/NC, 0.05 mg cm2 CST-
PtRu/VC or 0.86 mg »: cm? Com-PtRu/VC. c) Current-voltage (solid) and current-power density (dash)
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curves for AEMFC, which assembled with for H, / O fuel cells; cathode: either 0.05 mg cm™2 of CST
Pt/NC or 1.0 mg cm 2 of Fe-N-C; anode: 0.05 mg cm™2 of CST PtRu/NC. d) Overall mass activity at 0.9 VV
for CST-Pt/VC, CST-Pt/NC, CST-PtRu/NC, CST-PtRu/VC, Com-Pt/VC and PtRu/VC. e) Specific peak
power density between this work to the following prior reported PGM-free cathodes: Feos-NH3[50], CF-
VC[51], CoMn,04/C[52], MnCo0204/C[52], FeCoPc/C[53], N-C-COy[28], Mn,0s/Feos-NH3[54]; PFe-N-
C[29], note that in legend the numbers represent the anode dewpoint, cathode dewpoint and cell
temperature, respectively. For example, 70,75,80 means anode temperature is 70 C, cathode temperature is
75, and cell temperature is 80 C.

CST-Pt/NC; and iii) 0.05 mg cm? CST-Pt/VC. The loading are based on chosing similar carbon
loading for all electrodes to keep the elctrode thickness similar. The ovell carbon loading on all
electrodes was between 0.7-0.9 mg cm. Under these conditions, the AEMFC using the CST-
Pt/NC cathode (0.05 mg cm Pt) exhibited a very high peak power density of 2.0 W cm, which
was very close to commercial Com-Pt/\V/C (2.25 W cm?), despite having only 1/12™" of the catalyst
loading. The most likely reasons for the high performance at low leading are the much more
accessible and high density of active centers (small Pt clusters) as evidenced by the high
perfomrance in the low current density Kinetic regime even with much less catalyst, as well as the
mesoporous structure of the NC support that likely helps with mass transport as indicated by the
higher achievable current density at lower potentials.

Figure 6b shows polarization and power density curves for MEAs with the same high
loading commercial Com-Pt/\V/C cathode (0.6 mge:cm2) and three different anodes: i) 0.86 mgpiru
cm2 commercial Com-PtRu/VC; ii) 0.05 mgewrs cm? CST-PtRU/NC; and iii) 0.05 mgpwry cm?
CST-PtRu/VC. In short, just like the cathode, much better perfomrance was achieved when the
support was switched to NC from VC. The anode with 0.05mgery cm? was able to achieve a peak
power denstiy of 1.8 W cm, which was approximately 80% of the performance of commercial

catalyst with only 1/18" the PGM loading.
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Another possible way to compare the CST-PtRu/NC and the commercial catalyst would be
to make cells with a similar PtRu loading. There are two ways to do this. One is to make CST
electrodes with the same high areal PGM loading a the commercial catlayst in Figure 6b, but that
would fight the entire purpose of this article — to achieve similar performance at much lower
loading. Hence, this was not done. The second method would be to use the commercial catalyst
and simply make thinner electrodes with the same composition. Previous work from the same
academic group writing this paper [55] investigated this approach extensively and it was shown
that simply reducing the electrode thickness by half would sacrifice more than 50% of the
perfomrance due to increased anode flooding. Reducing it by a factor of 18 (which would be
required here) would not only certainly lead to catastrophic flooding and poor performance, but
making very thin electrodes that are repeatable and reproducible is also quite challenging. Hence,
this was also not done here, but the discussion with worth noting. The best way to compare the
catlayst layers without additional changes is to make them with similar thickness (effectively
meaning the carbon loading) and compression, and to operate them under similar conditions, which
is exactly what was done above.

AEMFCs were assembled with the goal of exceeding the 2022 AEMFC target set forth by
the U.S. Department of Energy: initial performance of 0.65 V at 1.0 A/cm? with H2/O2 reacting
gases, temperature > 80 °C; pressure < 150 kPa and total PGM loading <0.2 mg/cm?. The specific
approach here was create cells with very low PGM loading. Figure 6¢ shows the results for two
configurations. The first one was assembled with GDEs containing 0.05 mg of CST-PtRu/NC on
the anode and 0.05 mg of CST-Pt/NC at the cathode (PGM loading of 0.1 mg cm, which is one-
half of target value). This configuration was able to reach a peak power density of 1.4 W cm?,

translating to a specific power density was 15 W mgeem™ (Figure 6e), which are both high
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achievements for a low-PGM AEMFC. The second configuraiton sought even lower total PGM
loading, with a 0.05 mgeem cm™? anode combined with a PGM-free Fe-N-C at the cathode. The
cathode was chosen to be PGM free because not only has our team has had a lot of success in the
past with deploying Fe-N-C in AEMFCs [13,29], the data in Figure 6 suggested that the anode
suffered more as the PGM loading was reduced than the cathode (most likely due to high water
content at that electrode [2,48,49]). In this configuration, CST-PtRu/NC at the anode and Fe-N-C
[29] at the cathode, AEMFCs were able to achieve a peak power density of 1.2 W cm™ and a
specific power density of 25 W mgpem™. This number is twice as large as the previous number
reported for AEMFCs and also is bigger than the present state-of-the-art for commercialized
PEMFCs (16 W mgeem ). Also both cell configurations in Figure 6d were able to meet DOE's
target for 2022 at steady state (data provided in Supplementary Information Figures S6 and S7), a
significant achievement for the technology.

Figure 6d shows the overall mass activity (A/mgeem) Of various MEA configurations
presented in this study at 0.9 V. The MEA assembled with a Com-Pt/\VC cathode and Com-
PtRu/VC anode showed the lowest overall mass activity (0.05 A mgeem™?), though highest
performance. Shifting to CST catalysts in both the anode and cathode improved the overall mass
activity of the MEAs. The configuration with CST Pt/NC as cathode and CST-PtRu/NC as anode
show very high mass activity (0.6 A mgeem™). However, the highest overall mass activity was
achived with the Fe-N-C cathode and ultra-low PGM anode (1.6 A mgeem™?). These last two
configurations also show very high specific power density (Figure 6e). which directly relate to the

cost in fuel cell systems.
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Lastly, to test CST catalyst durability, cells were assembled with CST-Pt/NC at the cathode
and Com-PtRu/VC at the anode. The catalyst loading at the cathode was 0.05 mge/cm?. This
catalyst was selected because it is known that the ORR cathode is the more harsh environment in
low temperature fuel cells due to its higher potential and oxidizing environment. The result is
shown in Figure S8 where an experiment was run for over 100 hours. The vertical lines in the plot
are times where the cell was stopped to collect intermediate polarzation curves, which were very
similar to the initial curve. The voltage loss during this time was only 25 mV, showing that the

achieved in-cell activity of the small cluster CST catalysts is very temporally stable.

4. Conclusions

This study introduced a new, simple, scalable controlled surface tension (CST) method to
synthesized low-PGM catalysts for AEMFCs. This allowed for the derived materials to have a
high density of well-dispersed multi atom Pt and PtRu clusters. These materials were characterized
using a wide array of techniques, including x-ray diffraction (XRD), transmission electron
microscopy (TEM), high-resolution Cs aberration-corrected scanning transmission electron
microscopy (STEM). They were also tested for their hydrogen oxidation reaction (HOR) and
oxygen reduction reaction (ORR) activity and their in-situ behavior in operating AEMFCs. With
this new generation of low-PGM materials, it was possible to reduce the PGM loading by a factor
of 14 while achieving comparable performance to commercial catalysts. It was shown that the
anode side of the AEMFC was the most negatively affected by the removal of the PGM catalysts,
so one promising method to reduce the PGM loading is to pair PGM-free cathodes with low-PGM-

loading anodes. Pairing CST PtRu/NC anodes were paired with Fe—-N-C cathodes which allowed
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for the demonstration of cells with a specific power of 25 W per mg PGM (40 W per mg Pt). These

cells were also able to achieve the DOE 2022 AEMFC target for initial performance.
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