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ULTRATHIN ELECTROCHEMICAL
CATALYSTS ON CATALYST SUPPORT FOR
PROTON EXCHANGE MEMBRANE FUEL
CELLS

CROSS-REFERENCE TO RELATED
APPLICATION

[0001] This application claims the benefit of U.S. Provi-
sional Application No. 62/583,973, filed Nov. 9, 2017, the
contents of which are incorporated herein by reference in
their entirety.

BACKGROUND

[0002] Proton exchange membrane (PEM) fuel cells have
a great potential as power sources for applications such as
zero emission vehicles. However, state-of-the-art PEM fuel
cells suffer from several drawbacks. One of the most chal-
lenging drawbacks is the amount of costly platinum group
metals (PGMs), which serve as electrochemical catalysts in
a membrane electrode assembly (MEA) of a fuel cell.
[0003] It is against this background that a need arose to
develop embodiments of this disclosure.

SUMMARY

[0004] In some embodiments, a supported -catalyst
includes: (1) a catalyst support; and (2) deposits of a catalyst
covering the catalyst support, wherein the deposits have an
average thickness of about 2 nm or less, and the deposits are
spaced apart from one another.

[0005] In some embodiments, a membrane electrode
assembly for a fuel cell includes: (1) a polymeric ion-
conductive membrane; and (2) an electrocatalyst layer adja-
cent to the polymeric ion-conductive membrane, wherein
the electrocatalyst layer includes the supported catalyst of
the foregoing embodiments.

[0006] In some embodiments, a fuel cell includes: (1) a
cathode electrocatalyst layer; (2) an anode electrocatalyst
layer; and (3) a polymeric ion-conductive membrane dis-
posed between the cathode electrocatalyst layer and the
anode electrocatalyst layer, wherein at least one of the
cathode electrocatalyst layer or the anode electrocatalyst
layer includes the supported catalyst of the foregoing
embodiments.

[0007] Other aspects and embodiments of this disclosure
are also contemplated. The foregoing summary and the
following detailed description are not meant to restrict this
disclosure to any particular embodiment but are merely
meant to describe some embodiments of this disclosure.

BRIEF DESCRIPTION OF THE DRAWINGS

[0008] For a better understanding of the nature and objects
of some embodiments of this disclosure, reference should be
made to the following detailed description taken in conjunc-
tion with the accompanying drawings.

[0009] FIG. 1. Schematic illustration of a structure of a
supported catalyst, including deposits of a catalyst covering
a catalyst support.

[0010] FIG. 2. Schematic illustration of a magnified,
cross-sectional view of a portion of the supported catalyst
shown in FIG. 1.

[0011] FIG. 3. Schematic illustration of a PEM fuel cell
incorporating a supported catalyst disclosed herein.

Oct. 29, 2020

[0012] FIG. 4. Schematics of passivation-incorporated
atomic layer deposition (PALD) (a) and normal atomic layer
deposition (b) processes compared in a precursor adsorption
stage. Transmission electron microscopy (TEM) and energy-
filtered TEM (EF-TEM) micrographs of 75 cycles of PALD
(c) and 50 cycles of normal atomic layer deposition (d) on
carbon. Scale bars in (c¢) and (d) represent 20 nm.

[0013] FIG. 5. Adsorption energies of platinum (Pt)-con-
taining precursor on Pt and carbon monoxide-adsorbed Pt
from density function theory (DFT) calculations.

[0014] FIG. 6. Glassy carbon electrode and carbon powder
decorated by 40 cycles of PALD compared by mass activity
vs. electrochemical potential (a). Oxygen reduction reaction
(ORR) polarization curves (b) of platinum on carbon (Pt/C)
with 40 cycles of PALD before and after 10,000 cycles
(about 0.6 to about 1.0 V vs. reversible hydrogen electrode
(RHE)) of accelerated degradation test (ADT) in O, satu-
rated electrolyte. Pt deposit morphology (c¢) examined by
TEM after ADT.

[0015] FIG. 7. Cyclic voltammetry curves (top) of 40
cycles of PALD Pt/C samples before and after 10,000 ADT
in O,, with projected kinetic current density (bottom left)
and specific activity (bottom right) compared.

[0016] FIG. 8A. Comparison of specific activities of 40
cycles of PALD for Pt on glassy carbon electrode and Pt/C
catalysts.

[0017] FIG. 8B. Comparison of mass activities of 40
cycles of PALD for Pt on glassy carbon electrode and Pt/C
catalysts.

[0018] FIG. 9. Mass activity as a function of Pt loading
with 40 cycles of PALD Pt/C catalysts.

[0019] FIG. 10. Pt deposit size statistics of 40 cycles of
PALD Pt/C catalysts before and after ORR tests.

DETAILED DESCRIPTION

[0020] Embodiments of this disclosure are directed to an
improved structure of a PGM (or an alloy or other multi-
element material including the PGM) deposited on a catalyst
support for a highly active, highly stable, and ultra-low
loading catalyst for fuel cells, including PEM fuel cells, as
well as a process of forming the structure. Through the use
of'atomic layer deposition, the catalyst can be deposited with
reduced thickness and high conformality. The reduced thick-
ness of the catalyst allows efficient use of the catalyst at low
loading, and further translates into a higher catalytic activity
with greater exposure of catalytic surface atoms. Deposition
of the catalyst can yield nano-sized deposits of the catalyst
on the support in the form of nanoislands or nanoclusters,
and these deposits can be densely packed on a surface of the
support and permit the use of the support having a moderate
surface area, which is desirable for reducing gas diffusion
impedance. Improvement in catalytic activity also can be
attained through a proximity effect of the densely packed
deposits. Strong adhesion between the deposits of the cata-
lyst and the support provides high stability, rendering greater
immunity against degradation processes such as Ostwald
ripening and agglomeration.

[0021] FIG. 1 is a schematic illustration of a structure of
a supported catalyst 100, including deposits of a catalyst 102
covering a catalyst support 104, according to some embodi-
ments. Although FIG. 1 shows a single instance of the
supported catalyst 100, multiple instances of the supported
catalyst 100 can be included. Here, the catalyst 102 includes
a PGM such as platinum (Pt). In addition to Pt, other PGMs
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are encompassed by this disclosure, such as ruthenium (Ru),
rhodium (Rh), palladium (Pd), osmium (Os), and iridium
(Ir), as well as noble metals, such as silver (Ag) and gold
(Au). Also encompassed by this disclosure are alloys of two
or more different PGMs, as well as alloys of a PGM and a
noble metal or other transition metal, such as scandium (Sc),
titanium (T1), vanadium (V), chromium (Cr), manganese
(Mn), iron (Fe), cobalt (Co), nickel (Ni), copper (Cu), or
zine (Zn). Referring to FIG. 1, the catalyst support 104 is in
the form of a nanoparticle, such as a carbonaceous nano-
particle having a size in a range of about 5 nm to about 500
nm or more, such as from about 10 nm to about 400 nm,
from about 10 nm to about 300 nm, from about 10 nm to
about 200 nm, from about 10 nm to about 150 nm, or from
about 10 nm to about 100 nm, and having an aspect ratio of
about 3 or less, or about 2 or less. In the case of a
carbonaceous nanoparticle, the nanoparticle can include
carbon that is graphitic or amorphous, and multiple
instances of such nanoparticles can be provided in the form
of a powder. Other types of catalyst supports can be used,
such as carbon nanohorns, carbon nanofibers, carbon nan-
oribbons, graphite, and graphene sheets, as well as non-
carbon-based supports. Referring to FIG. 1, the catalyst
support 104 is functionalized to promote adhesion with the
catalyst 102 that is deposited on the functionalized catalyst
support 104.

[0022] FIG. 2 is a schematic illustration of a magnified,
cross-sectional view of a portion of the supported catalyst
100 shown in FIG. 1. As shown in FIG. 2, the deposits of the
catalyst 102 are in the form of discrete regions of nanois-
lands or nanoclusters that are spaced apart from one another
to expose the underlying support 104, and these deposits
provide a surface coverage of the support 104 of at least
about 5%, such as at least about 10%, at least about 15%, at
least about 20%, at least about 30%, at least about 40%, at
least about 50%, at least about 60%, at least about 70%, at
least about 80%, at least about 90%, at least about 95%, or
at least about 98%, with an average thickness in a range of
about 8 nm or less, about 6 nm or less, about 4 nm or less,
about 3 nm or less, about 2 nm or less, about 1.9 nm or less,
about 1.8 nm or less, about 1.7 nm or less, about 1.6 nm or
less, or about 1.5 nm or less, and down to about 1 nm or less,
or down to about 0.5 nm or less. For example, the average
thickness of the deposits can be in a range of about 1 nm to
about 2 nm or about 0.5 nm to about 2 nm. Stated in another
way, the average thickness of the deposits can be in a range
of about 1 atomic layer to about 20 atomic layers, about 1
atomic layer to about 15 atomic layers, about 1 atomic layer
to about 10 atomic layers, about 1 atomic layer to about 8
atomic layers, about 1 atomic layer to about 5 atomic layers,
about 1 atomic layer to about 4 atomic layers, about 1 atomic
layer to about 3 atomic layers, about 1 atomic layer to about
2 atomic layers, or from about 1 atomic layer to about 1.5
atomic layers. Surface coverage and thicknesses of the
deposits can be assessed using imaging techniques, such as
using transmission electron microscopy (TEM) or scanning
electron microscopy (SEM) images, backscattering spec-
troscopy, X-ray photoelectron spectroscopy (XPS), or
inductively coupled plasma mass spectrometry (ICP-MS). In
the case of a single element material, 1 atomic layer can
correspond to a thickness of a single layer of atoms of the
element. In the case of a binary element material having a
molar composition of a % of a first element and b % of a
second element, 1 atomic layer can correspond to a thickness
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of a single layer of atoms having an effective size given by
(a/100)x(size of an atom of the first element)+(b/100)x(size
of an atom of the second element). A similar weighted
average according to a molar composition can be used to
specify a thickness of 1 atomic layer for a ternary element
material or other multi-element material.

[0023] Referring to FIG. 2, the deposits of the catalyst 102
are densely packed on a surface of the support 104, with an
average edge-to-edge distance between nearest neighboring
deposits of about 20 nm or less, such as about 15 nm or less,
about 10 nm or less, about 8 nm or less, about 5 nm or less,
about 4 nm or less, or about 3 nm or less, and down to about
0.5 nm or less, or down to about 0.2 nm or less. For example,
the average edge-to-edge distance between nearest neigh-
boring deposits can be in a range of about 0.2 nm to about
3 nm. An edge-to-edge distance between two neighboring
deposits corresponds to a closest distance between respec-
tive edges or boundaries of the deposits, and can be assessed
using imaging techniques, such as using TEM or SEM
images. The densely packed arrangement of the deposits
permits the use of the support 104 having a moderate surface
area, such as a Brunauver-Emmett-Teller (BET) surface area
of about 500 m*/g or less, about 400 m*/g or less, about 300
m?/g or less, or about 200 m*/g or less, and down to about
100 m*/g or less. A loading of the catalyst 102 on the support
can be about 20 ug/cm? or less, such as about 18 pug/cm? or
less, about 15 pg/cm? or less, about 13 pg/cm? or less, about
10 pg/cm? or less, or about 8 pg/cm? or less, and down to
about 7 pg/cm? or less, down to about 5 pg/cm? or less, or
down to about 2 ng/cm? or less. An average lateral size of the
deposits of the catalyst 102 can be about 20 nm or less, such
as about 15 nm or less, about 10 nm or less, about 8 nm or
less, about 5 nm or less, about 4 nm or less, or about 3 nm
or less, and down to about 1 nm or less. A size of a deposit
corresponds to a diameter of a smallest corresponding circle
within which the deposit can be fully surrounded, and can be
assessed using imaging techniques, such as using TEM or
SEM images. The deposits can be flat, rather than spherical
or octahedral, with an average aspect ratio (in terms of a
ratio of a lateral size to a thickness) of about 1.5 or greater,
about 1.8 or greater, about 2 or greater, about 2.5 or greater,
about 3 or greater, about 3.5 or greater, about 4 or greater,
about 4.5 or greater, about 5 or greater, about 5.5 or greater,
or about 6 or greater, and up to about 10 or greater, up to
about 15 or greater, or up to about 20 or greater. The flat
morphology of the deposits of the catalyst 102 provides a
high contact area with the surface of the support 104, per
unit mass of the catalyst 102, of at least about Yico cm*/ug,
at least about Y40 cm?/ug, at least about Y0 cm?/ug, at least
about Y40 cm?/ug, or at least about Yio cm*/pg, and up to
about ¥ cm?/ug or greater. The deposits can be character-
ized by a homogeneous lateral size distribution, with a
standard deviation of lateral sizes, relative to an average
lateral size, of about 100% or less, about 90% or less, about
80% or less, about 70% or less, about 60% or less, or about
50% or less, and down to about 30% or less.

[0024] A process flow of forming a supported catalyst,
such as the supported catalyst 100 shown in FIGS. 1 and 2,
is next described according to some embodiments. The
process flow includes functionalizing a catalyst support to
yield a functionalized support, followed by deposition of a
catalyst on the functionalized support. Functionalizing the
support is performed to introduce anchoring or functional
groups to a surface of the support, to enhance or promote
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chemical bonding with precursors of the catalyst to be
deposited on the support. Functionalizing the support can be
performed by applying a plasma treatment, such as hydro-
gen plasma, oxygen plasma, or nitrogen plasma. In place of,
or in combination with, a plasma treatment, functionalizing
the support can be performed by wet chemical treatment,
such as using acids, bases or other reactive compounds, or
by thermal treatment. For example, oxidative treatment with
oxygen, ozone, nitrogen dioxide, or hydrogen peroxide at
elevated temperatures can be performed to introduce func-
tional groups. Also, nitrogen sources or hydrogen sources
can be applied to introduce functional groups on the surface
of the support.

[0025] Next, deposition of the catalyst on the functional-
ized support is performed by chemical vapor deposition and,
in particular, atomic layer deposition. In some embodiments,
atomic layer deposition of the catalyst incorporates a pas-
sivation treatment to passivate a surface of an already-
deposited material of the catalyst to overcome nucleation
tendencies that otherwise can lead to the formation of thick
islands or clusters. The improved process of some embodi-
ments incorporates the use of a passivation process gas to
tune or change a surface energy of an already-deposited
material such that deposition will self-terminate, and sub-
sequent deposition of a material will be preferential or
promoted towards covering vacant areas of the support
instead of the already-deposited material.

[0026] The process flow of passivation-incorporated
atomic layer deposition includes performing a first atomic
layer deposition cycle to deposit the material on the support
held within a deposition chamber, followed by performing a
second atomic layer deposition cycle to deposit the material
on the support, followed by performing a third atomic layer
deposition cycle to deposit the material on the support, and
so on until a requisite amount of the material is deposited.
A number of deposition cycles can be, for example, in a
range from 1 to 5000, from 2 to 4000, from 3 to 3000, from
5 to 2000, or from 10 to 1000.

[0027] Performing each atomic layer deposition cycle
includes sequentially exposing the support, or a portion of
the support, to deposition gases including a first precursor
containing the material to be deposited, a second oxidative
precursor, and a passivation gas. In the case of a single
element metal, for example, the first precursor can be a
metal-containing precursor such as an organometallic com-
pound with a metal coordinated with organic ligands, and
the second oxidative precursor can be oxygen, ozone, or
oxygen plasma. For example, for the specific case of Pt, the
first precursor can be trimethyl(methylcyclopentadienyl)
platinum (IV) or another Pt-containing organometallic com-
pound. In addition to Pt, deposition can be performed for
other noble metals, as well as other single element metals,
such as Ni or Co. During the first atomic layer deposition
cycle, the first precursor is introduced into the chamber to
result in the first precursor being adsorbed to the support, in
the form of molecules of the first precursor, residues of the
molecules of the first precursor, or a combination of both,
and the second oxidative precursor is introduced into the
chamber to result in a reaction between the adsorbed first
precursor and the second oxidative precursor to liberate
ligands included in the adsorbed first precursor, thereby
leaving the material deposited on the support. A second
reductive precursor, such as hydrogen or hydrogen plasma,
can be used in place of, or in combination with, the second
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oxidative precursor. A removal operation can be performed
subsequent to introducing each precursor to remove reaction
products and any unreacted precursor, such as by evacuation
or purging with an inert carrier gas.

[0028] The passivation gas is introduced into the chamber
subsequent to introducing precursors in each atomic layer
deposition cycle, including the first atomic layer deposition
cycle, and prior to introducing precursors in a subsequent
atomic layer deposition cycle. The passivation gas serves to
tune or change an adsorption energy between the first
precursor and the already-deposited material to render that
adsorption energy less favorable such that subsequent
adsorption of the first precursor will be preferential or
promoted towards covering vacant areas of the support
instead of the already-deposited material. In such manner,
the use of the passivation gas enhances dispersion of the first
precursor along the support and leads to enhanced and more
uniform coverage of deposited material along the support, as
well as allowing control over that coverage. In some
embodiments, criteria for the passivation gas include one or
more of the following: 1) ability to adsorb onto the deposited
material; 2) exhibits greater tendency towards or has a
stronger adsorption onto the deposited material compared to
the support; 3) after adsorption onto the deposited material,
the passivation gas forms an intermediate chemical species;
and 4) an adsorption energy of the first precursor to the
intermediate species is greater than (e.g., less negative or
more positive than) about —10 kJ/mol (or greater than about
-0.104 eV), such as about -5 klJ/mol or greater (or about
-0.052 eV or greater), about 0 kJ/mol or greater (or about 0
eV or greater), or about 10 kJ/mol or greater (or about 0.104
eV or greater), or the adsorption energy of the first precursor
to the intermediate species is greater than an adsorption
energy of the first precursor to the support. For example, for
the case of Pt or another single element metal, the passiva-
tion gas can be carbon monoxide (CO). In addition to CO,
other passivation gases satisfying the above-noted criteria
can be used, such as ammonia (NH,), nitric oxide (NO), and
methane (CH,). A process temperature can be controlled to
mitigate against desorption of the passivation gas. For
example, for the case of CO or another passivation gas, a
temperature of the support can be controlled to be in a range
from about 50° C. to about 250° C., from about 80° C. to
about 200° C., or from about 100° C. to about 150° C.

[0029] In addition to use of a passivation gas, passivation-
incorporated atomic layer deposition also can be performed
using a passivation precursor, which serves dual functions of
reacting with a first precursor adsorbed to a support to
liberate ligands included in the adsorbed first precursor, and
tuning or changing an adsorption energy between the first
precursor and an already-deposited material to render that
adsorption energy less favorable such that subsequent
adsorption of the first precursor will be preferential or
promoted towards covering vacant areas of the support.
Also, in addition to deposition of a single element material
explained above, passivation-incorporated atomic layer
deposition also can be applied for deposition of multi-
element materials.

[0030] FIG. 3 is a schematic illustration of a PEM fuel cell
300 incorporating a supported catalyst disclosed herein. The
fuel cell 300 includes a polymeric ion-conductive membrane
302 disposed between a cathode electrocatalyst layer 304
and an anode electrocatalyst layer 306, which together
constitute a membrane electrode assembly of the fuel cell
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300. The fuel cell 300 also includes electrically conductive
flow field plates 308 and 310, which can be bipolar plates or
unipolar plates. Gas diffusion layers 312 and 314 are also
interposed between the flow field plates 308 and 310 and the
electrocatalyst layers 304 and 306. Either of, or both, the
cathode electrocatalyst layer 304 and anode electrocatalyst
layer 306 can include a supported catalyst disclosed herein.
For example, the supported catalyst can promote oxygen
reduction reaction at the cathode side when incorporated
into the cathode electrocatalyst layer 304, and also can
promote hydrogen oxidation reaction at the anode side when
incorporated into the anode electrocatalyst layer 306.

EXAMPLE

[0031] The following example describes specific aspects
of some embodiments of this disclosure to illustrate and
provide a description for those of ordinary skill in the art.
The example should not be construed as limiting this dis-
closure, as the example merely provides specific methodol-
ogy useful in understanding and practicing some embodi-
ments of this disclosure.

[0032] With normal atomic layer deposition (ALD), mate-
rial growth on a substrate typically undergoes a nucleation
phase, where vertical growth and surface coverage compete
until the formation of a substantially complete film. This is
due to differences in adsorption behaviors of precursors onto
a deposited material and the to-be-deposited substrate. As
illustrated in FIG. 4b, precursor molecules can adsorb read-
ily on deposits, mostly attributed to van der Waals forces. A
strategy to combat nucleation phase and promote precursor
coverage on a substrate is to choose the substrate with a
higher surface energy so that a surface of the substrate can
be effectively wetted. However, this strategy can constrain
the choice of substrates. An improved strategy is illustrated
in FIG. 4a, where a surface of deposits is modified by
adsorbents that passivate the deposit surface to inhibit
adsorption of precursors. In this case, carbon monoxide
(CO) can be used as a passivation gas for deposition of Pt,
as the Pt-containing precursor, trimethyl(methylcyclopenta-
dienyl) platinum (IV), can have significantly less favorable
adsorption enthalpy (FIG. 5) on CO-adsorbed Pt compared
to on bare Pt. The deposition results on a carbon substrate
are showcased in FIGS. 4¢ and 4d. At similar lateral grain
sizes, the passivation-incorporated ALD (PALD) process
significantly suppressed vertical growth as compared to
formation of three-dimensional islands without the CO
passivation. The overall growth rate is also lowered with the
introduction of passivation gas, indicating the Pt deposition
is mostly dominated by lateral growth of Pt islands with
PALD.

[0033] To demonstrate the feasibility of making practical
platinum on carbon (Pt/C) catalyst, PALD was performed on
commercially available carbon powders, which then under-
went a typical ink formulation process and loaded onto
glassy carbon electrodes. A sulfonated tetrafluoroethylene
(Nafion) is used as an ionomer binder to ensure the mechani-
cal stability of a thin film of Pt/C catalyst under a rotating
disk electrode (RDE) evaluation process. Therefore, the
ionometr/carbon ratio was optimized to about 0.1 so that a
balance is made between the mechanical stability of the Pt/C
thin film and catalytic activity due to additional oxygen
diffusion impedance associated with ionomers. Average
mass activities of the Pt/C catalysts deposited on carbon
powder and Pt deposited directly on glassy carbon are
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compared in FIG. 6a, and average specific activities of the
Pt/C catalysts deposited on carbon powder and Pt deposited
directly on glassy carbon are compared in FIG. 8A. Con-
centration corrections are performed to exclude the under-
estimation on the performance of Pt/C catalysts due to
higher loading than the glassy carbon counterpart (about 7
pg/cm? vs. about 1 ug/cm?). As shown by the gaps between
dataset with and without concentration correction, the intrin-
sic kinetic current density of the higher loading catalyst is
more underestimated as a result of higher Nemstian loss
given a lower surface reactant concentration due to an
overall higher performance at a given measured electro-
chemical potential. Also, mass transport impedance can play
a significant role on Pt/C samples as a result of nanostruc-
turing and Nafion, as shown by the gap discrepancy between
the Pt/C and Pt/glassy carbon samples below about 0.9 V
(vs. reversible hydrogen electrode (RHE)). At this region,
the effect of film quality has a larger impact on catalyst
performance as indicated by the widening variations among
Pt/C samples. The Tafel plot almost overlapped at electro-
chemical potentials above about 0.92 V (vs. RHE) where the
current density is mostly kinetically dominated. The mass
activity of Pt/C catalyst at about 0.9 V (vs. RHE) is about
1.16 A/mgPt (about 0.98 A/mg,, without concentration cor-
rection), which significantly outperforms other Pt/C cata-
lysts by more than one fold. Mass activity as a function of
Pt loading in the Pt/C catalyst is presented in FIG. 8B and
FIG. 9.

[0034] Stability performance of the Pt/C catalyst is pre-
sented in FIG. 65, where linear sweep voltammetry of the
same catalyst before and after 10,000 cycles of accelerated
degradation test (ADT) in oxygen saturated electrolyte is
compared. Despite a small but noticeable change of elec-
trochemical surface area (ECSA) (as shown by the cyclic
voltammetry data in FIG. 7, roughly about -10% after
ADT), the projected (geometric area normalized) kinetic
current density is lowered by just about 1.2% (FIG. 7). This
results in a set of almost overlapping oxygen reduction
reaction (ORR) polarization curves and an improvement of
about 10% on specific activity before and after ADT. The
hydrogen under potential deposition (HUPD) ECSA takes
account of all proton accessible Pt, while oxygen accessi-
bility and electron accessibility on Pt dispersed with various
configurations on a surface can vary. The results indicate the
ADT process improved the utilization of Pt/C catalysts,
likely by stripping Pt/C particles that are poorly attached to
the catalyst thin film, which can have poor catalytic activi-
ties. Morphology of the Pt/C catalysts after 10,000 cycles is
shown in FIG. 6c. Compared to the ones after a first ORR
sweep, Pt deposits largely retained their average diameter
(about 3.14 nm vs. about 3.18 nm after ADT), but with a
slight ripening as the dispersion of size distribution
increased from about 0.5 nm to about 0.7 nm (FIG. 10),
indicating a ripening effect due to Pt oxidation and disso-
Iution. Nevertheless, no significant agglomeration is found,
possibly due to a strong Pt deposit/substrate adhesion.

[0035] In summary, this example has demonstrated the
capability of a passivation gas in suppressing the thickness
of Pt deposited during an atomic layer deposition process.
This technique allows the direct deposition of thin Pt depos-
its onto carbonaceous catalyst supports. Such Pt/C catalysts
have enhanced mass activity for oxygen reduction reactions
as well as demonstrating a superior stability.
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[0036] PALD and ALD

[0037] ALD of Pt was achieved by alternately exposing
the Pt precursor, trimethyl(methylcyclopentadienyl) plati-
num (IV) (about 99%, Strem Chemicals), and the oxidant,
ozone, to target substrates. Ozone was generated from a
mixture of oxygen (about 99.99%) and nitrogen (about
99.998%, with mixing concentration of about 50 parts per
million (ppm)) in an ozone generator (MKS Instrument,
AX8407-C2). The feeding oxygen flow rate was kept at
about 500 standard cubic centimeters per minute (sccm),
providing an ozone concentration of about 21.7 wt. %. The
Pt precursor was heated at about 80° C. To assure the
metallic form of deposited Pt, hydrogen (about 99.999%,
Praxair) was introduced in each cycle after the oxidation
stage.

[0038] PALD was achieved by incorporating a passivation
gas soaking operation at the end of each ALD cycle. In this
example, carbon monoxide (about 99.5%, Praxair) was fed
into an ALD chamber to soak the substrate at about 2 Torr
for about 20 seconds at the end of each ALD cycle. Prior to
Pt deposition, the carbon substrates underwent exposure to
oxygen plasma in a plasma cleaner (Harrick PDC-001) for
about 10 mins for surface functionalization.

[0039] Electrochemical Measurements

[0040] For ORR activity tests, Pt-coated glassy carbon
electrodes were assembled in RDE tips. An electrolyte was
diluted from about 70% perchloric acid (Merck, Suprapur)
to about 0.1 mol/L, with ultrapure water (about 18.2 MQ-cm,
total organic carbon (TOC) <about 5 parts per billion (ppb)).
A three-electrode cell with a platinum wire as a counter
electrode and a RHE as a reference electrode was used.
During ORR measurements, the pressure of oxygen was
balanced by atmospheric pressure. The measurement tem-
perature was 23+2° C., and the voltammetry was conducted
by a Gamry PCI4/300 potentiostat. To reduce contaminants,
all glassware was soaked in piranha solution for more than
about 24 hours, and rinsed 5 times with ultrapure water prior
to use. Before measuring their ORR activity, all electrodes
underwent an activation process in argon gas-purged elec-
trolyte with cyclic voltammetry from about 0.025 V to about
1.0 V for 50 cycles at a scan rate of about 500 mV/s. ORR
activity of the catalyst-loaded electrode was evaluated by a
linear sweep voltammetry at a scan rate of about 20 mV/s
from about -0.01 V to about 1 V under an electrode rotation
speed of about 1600 rpm. Reported values are corrected for
background and uncompensated electrolyte resistance.
[0041] For Pt/C catalysts, about 45 mg of powder (based
on mass of carbon) was dispersed in about 25 ml of ultrapure
water with assistance of sonication. About 3 ml of the
suspension was further diluted with ultrapure water by 3
times, followed by addition of about 10 pl of about 5%
Nafion solution and about 1.12 ml of anhydrous ethanol.
This mixture was then sonicated in an ice bath for about 20
mins prior to dispersion onto glassy carbon electrodes. For
a typical electrode, an aliquot of about 10-40 pl is dropped
to the RDE tip (corresponding to Pt loading range from
about 2 to about 20 pg/cm?), which is rotated at about 700
rpm for about 1 hour for solvent evaporation and thin film
formation. The electrode is then measured with the same
protocol as described above.

[0042] The accelerated degradation test (ADT) is con-
ducted by cycling the electrochemical potential from about
0.6 V to about 1.0 V (vs. RHE) with a scan rate of about 100
mV/s for 10,000 cycles. After ADT (about 23 hours), the tip
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is put into fresh electrolyte and undergoes the same activa-
tion and cyclic voltammetry process in the inert gas satu-
rated environment before performing test of ORR activity in
the oxygen environment.

[0043] Material Characterizations

[0044] Mass of Pt was quantified by inductively coupled
plasma mass spectrometry (ICP-MS). For Pt/C samples, the
electrode was immersed in aqua regia overnight, and the Pt
concentration of the solution was measured.

[0045] As used herein, the singular terms “a,” “an,” and
“the” may include plural referents unless the context clearly
dictates otherwise. Thus, for example, reference to an object
may include multiple objects unless the context clearly
dictates otherwise.

[0046] As used herein, the terms “substantially,” “substan-
tial,” “approximately,” and “about” are used to describe and
account for small variations. When used in conjunction with
an event or circumstance, the terms can refer to instances in
which the event or circumstance occurs precisely as well as
instances in which the event or circumstance occurs to a
close approximation. When used in conjunction with a
numerical value, the terms can refer to a range of variation
of less than or equal to £10% of that numerical value, such
as less than or equal to 5%, less than or equal to +4%, less
than or equal to 3%, less than or equal to 2%, less than or
equal to £1%, less than or equal to £0.5%, less than or equal
to £0.1%, or less than or equal to £0.05%.

[0047] In the description of some embodiments, an object
“on” another object can encompass cases where the former
object is directly on (e.g., in physical contact with) the latter
object, as well as cases where one or more intervening
objects are located between the former object and the latter
object.

[0048] Additionally, amounts, ratios, and other numerical
values are sometimes presented herein in a range format. It
is to be understood that such range format is used for
convenience and brevity and should be understood flexibly
to include numerical values explicitly specified as limits of
a range, but also to include all individual numerical values
or sub-ranges encompassed within that range as if each
numerical value and sub-range is explicitly specified. For
example, a ratio in the range of about 1 to about 200 should
be understood to include the explicitly recited limits of about
1 and about 200, but also to include individual ratios such as
about 2, about 3, and about 4, and sub-ranges such as about
10 to about 50, about 20 to about 100, and so forth.
[0049] While the disclosure has been described with ref-
erence to the specific embodiments thereof, it should be
understood by those skilled in the art that various changes
may be made and equivalents may be substituted without
departing from the true spirit and scope of the disclosure as
defined by the appended claims. In addition, many modifi-
cations may be made to adapt a particular situation, material,
composition of matter, method, operation or operations, to
the objective, spirit and scope of the disclosure. All such
modifications are intended to be within the scope of the
claims appended hereto. In particular, while certain methods
may have been described with reference to particular opera-
tions performed in a particular order, it will be understood
that these operations may be combined, sub-divided, or
re-ordered to form an equivalent method without departing
from the teachings of the disclosure. Accordingly, unless
specifically indicated herein, the order and grouping of the
operations are not a limitation of the disclosure.

29 <
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1. A supported catalyst comprising:

a catalyst support; and

deposits of a catalyst covering the catalyst support,

wherein the deposits have an average thickness of 2 nm or

less, and the deposits are spaced apart from one
another.

2. The supported catalyst of claim 1, wherein the average
thickness of the deposits is 1.8 nm or less.

3. The supported catalyst of claim 1, wherein the average
thickness of the deposits is 1.6 nm or less.

4. The supported catalyst of claim 1, wherein an average
edge-to-edge distance between nearest neighboring deposits
is 10 nm or less.

5. The supported catalyst of claim 1, wherein an average
edge-to-edge distance between nearest neighboring deposits
is 5 nm or less.

6. The supported catalyst of claim 1, wherein an average
edge-to-edge distance between nearest neighboring deposits
is 3 nm or less.

7. The supported catalyst of claim 1, wherein an average
lateral size of the deposits is 20 nm or less.

8. The supported catalyst of claim 1, wherein an average
lateral size of the deposits is 10 nm or less.

9. The supported catalyst of claim 1, wherein an average
lateral size of the deposits is 5 nm or less.

10. The supported catalyst of claim 1, wherein an average
aspect ratio, in terms of a ratio of a lateral size to a thickness,
of the deposits is 1.5 or greater.

11. The supported catalyst of claim 1, wherein an average
aspect ratio, in terms of a ratio of a lateral size to a thickness,
of the deposits is 1.8 or greater.
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12. The supported catalyst of claim 1, wherein an average
aspect ratio, in terms of a ratio of a lateral size to a thickness,
of the deposits is 2 or greater.

13. The supported catalyst of claim 1, wherein a standard
deviation of lateral sizes of the deposits, relative to an
average lateral size, is 100% or less.

14. The supported catalyst of claim 1, wherein a standard
deviation of lateral sizes of the deposits, relative to an
average lateral size, is 90% or less.

15. The supported catalyst of claim 1, wherein a standard
deviation of lateral sizes of the deposits, relative to an
average lateral size, is 80% or less.

16. The supported catalyst of claim 1, wherein the catalyst
support is a carbonaceous support.

17. The supported catalyst of claim 1, wherein the catalyst
support is a carbonaceous nanoparticle.

18. The supported catalyst of claim 1, wherein the catalyst
includes a platinum group metal.

19. A membrane clectrode assembly for a fuel cell,
comprising a polymeric ion-conductive membrane and an
electrocatalyst layer adjacent to the polymeric ion-conduc-
tive membrane, wherein the electrocatalyst layer includes
the supported catalyst of claim 1.

20. A fuel cell comprising:

a cathode electrocatalyst layer;

an anode electrocatalyst layer; and

a polymeric ion-conductive membrane disposed between

the cathode electrocatalyst layer and the anode electro-
catalyst layer,

wherein at least one of the cathode electrocatalyst layer or

the anode electrocatalyst layer includes the supported
catalyst of claim 1.
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