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THE FORMATION OF CATALYSYT PT NANQDOTS BY PULSED/SEQUENTIAL
CVD OR ATOMIC LAYER DEPOSITION

Cross Heference to Related Applications
This application claims priority to US Provisional Patent Application No.
63/072,562, filed August 31, 2020, the entire contents of which are incorporated herein

by referance.

Technical Field
The formation of catalyst Pt nanodots by pulsedissquential CVD or atomic layer

deposition.

Background of the lnvention

The siate of the ant is summarized in Van Bul, M, F Grille, and 1 R Van
Ommen. "Atomic and molecudar laver deposition: off the besten frack.” Chemical
Commurications 53,1 (2017} 45-71 {reference numbears omitted):

ALD of Pt The development of Pt ALD started in 2003 with the seminal work
of Aaltonen et al, who demonstrated the thermal ALD of Pt thin films using
methyicyclopentadienyi-{rimeathyl) platinum (MeCpPiMea) as the Pl precursoer and Q2
as the co-resactant. To date, this is still the most commonty used ALD process for
growing both thin films and NPs of P on 8 wide range of substrates such as fiat
surfaces, nanowires, nanoparticles, and carbon nanomaterials. Given the potential
applications of PLALD, sseveral research groups have conductad fundamental studiss
aimad at slucidating the surface chemistry behind the formation of metaliic Pt Thase
siudies suggest thatl the surface chemistry refies on oxidation reaciions in both the
MeCpPtMeas and the Q2 sxposures. The chamisarption of MeCpPiMeas is beliaved o
tzke place via partial oxidation of the organic igands by active oxygen adsorbed on
the substrate surface. Such resction would then reach saturation upon consumption
of the avaliable active surface muiygen. The role of the oxidation step via 02 s thus
twofeld: oxidizing the remaining Hgands and restoring the layer of adsorbad oxygen,
which is necessary for the subsequent MeUpPtMes chemisorption. The studies alsg
indicated thal oxygen dissociates on the platinum surface forming a persisting layer

of monoatomic oxygen which is particularly active towards the combustion of the
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organic ligands of MeCpPiMeas. The ALD window usually reported for such surfacs
chemistry is 200-350 °C. In particular, 200 °C has been widely acceptad as the lower
temperature lirmit, although very recantly growth at a slightly lower temperalure (e
175 °C) has been oblained. Such lower Himit has been ascribed {o the low reactivity of
oxygen towards ligand combustion sl temperature below 200 °C. Such high deposition
temperatures make the thermal process unsuitabis for heat-sensilive substrates.
Furthermaore, when usad for the depostion of NPs, high temperatures are not
desirable as they can promots sinfering and thus imit the ability to control the NP size
in order 1o circumvant this Imitation the use of plasma and ozone has basn axplorad,
Howsver, plasma processas ars mainly suitable for the deposition of Pt thin films and
NPs on figt substrates, and their applications on substrates with complex geomaetries
such as powdsrs ars still imitsd,

As discussad in the above review article, the sigte of the art means of plasma
srhancad deposition has not so far been successiully deploved to lower deposition
temperatures on cathods carbon supports used for catalyst Pl nanodots. To date, the
art is still lacking in a Pt deposition solution for cathade carbon supports thal enables
adsguate nanodol formation, withoul excessive Pt oxide formation, 10 mest the
praciical requirameants for fuel cells for vehicies, specifically those using & polymer

electrolyie membransg design.

Brief SBummary of the Invention
The invention may be understood in relation to the following non-limiting, exemplary
embodiments described as enumerated sentences:

1. A method of depositing Pt metal containing nanocdots on a catalyst support
structure, preferably a catalyst carbon support structure, the method
comprising the steps of;

a. Forming a vapor of PH{PFa)a,

b. Exposing a surface of the catalyst support structure to the vapor of
Pi{PFa,

c. Purging the surface of the catalyst support structure with a purge gas (o
remaove the vapor of PH{PFa),

d. Exposing the swrface of the catalyst structure {o a second reactant in

gasaous form,
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P

e. Purging the surface of the catalyst support structure with a purge gas to
remove the second reactant,
f. Repeating steps a. - e. {o form a pluraiity of the Pt metal containing
nanodols on the catalyst support structure,

wherein the temperaturg of the catalyst support structure during step a. andfor
step b. is from 50 degrees C o 300 degress C, preferably from 100 degreses C
{0 less than 200 degrees C, more preferably 100 degrees € 1o 175 degreas C
or {o less than 175 degrees C, such as 100 degrees C or 150 degrees C.
The method of SENTENCE 1, wherein the second reactant comprises an
axidizing agent selectad from the group consisting of Hz0, Oz, Oz, oxygen
radicals and midures thereof, preferably Gz
The method of SENTENCE 1, wherein the second reaclant comprises a
reducing agent selected from the group consisting of Haz, NHa, SiHs, SizHs,
SiaHs, SiHaMez, SiHzEL, N{SiHs)s, hydrogen radicals, hydrazine, 2
methylhydrazing, amines and mixtures thereof, preferably Ha.
The method of SENTENCE 1, wherein the second reactant is selected from the
group consisting of Hz, Oz, and combinations thereof.
The mathod of any of SENTENCEs 1 - 4, wherein the repetition of steps a-e.
is from 5 - 20 times.
The method of any of SENTENCEs 1 - 5, wherein the plurality of the Pt metal
containing nanodots are formed by an atomic layer deposition reaction.
The method of any of SENTENCESs 1-6, wherein the largest linear dimension
of the nanodots has a range from 0.25 nm to 15 nm and/or a mean of Z2nm - 7
nm.
The method of any of SENTENCEs 1-7, wherain the catalyst support structure
comprises muitiple discrete particles having an outer surface and these
discrete particles have a coverage of the Pt metal containing nanodots which
is at least an average of 1 nanodot per nm? of the particle surface area after
step §.
The method of any of SENTENCEs 1-8, wherein each nanodot comprises
sufficient Pt so that a) the atomic percentage of Pt for the catalyst support
structure with the plurality of the Pt containing nanodots is from 0.5% to 3%,
preferably 1% to 2% and/or b) the weight percentage of Ptis from 5% to 50%,
preferably 10% to 30%.
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10. The meathod of any of SENTENCEs 1-9, wherein the catalyst support structure
is a catalyst carbon support structure.

11. The method of SENTENCE 10, wherein the plurality of Pt nanodots are formed
directly on a carbon component of the catalyst carbon support.

12. The method of SENTENCEs 10 or 11, wherain the catalyst carbon support
structure is a single wall fullerene such as Ceo and G2 multiwall fullerenes,
single wall or multiwall nanotubes, nanohorns, andfor has a density of about
0.2g/em3 to about 1.8g/em3 such as specialty carbons like VULCAN or Imerys’
SUPER €85,

13. The method of any of SENTENCEs 1-12, further comprising a step of exposing
the surface of the catalyst siructure to a third reactant in gaseous form, wherein,
if the second reactant is an oxidizing agent, the third reactant is a reducing
agent, and vice versa.

14. The method of SENTENCE 13, wherein the step of exposing the surface of the
catalyst structure to the third reactant, is separated from step d. by step e.

15. The method of SENTENCE 14, wherein the second reactant is oxygen and the
third reactant is hydrogen.

168. A method of depositing Pt metal containing nancdots on a catalyst support
structure, preferably a catalyst carbon support structure, the method
comprising the steps of:

a. Forming a vapor of Pt{(PFa,

b. Exposing a surface of the catalyst support structure to the vapor of

Pi{PFa)q,

wherein step b. is for a time sufficient to form a plurality of the Pt metal
comntaining nancdots on the catalyst support structure,
wherein the catalyst support structure is not exposed 1o any additional
reactants to form the plurality of the Pt metal coniaining nanodots on the
catalyst support structure, and
whersin the temperature of the catalyst support structure surface during step
a. andior step b. is from 50 degrees C to 300 degrees C, preferably from 100
degress C {o less than 200 degrees C, more praferably 100 degrees C to 175
degreas C or to less than 175 degrees C, such as 100 degress C or 150

degrees C.
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17. The method of SENTENCE 18, wherein the largest linear dimension of the
nanodots has a range from 0.25 nm {0 15 nm andfor a mean of Znm - 7 nm.
18. The mathod of SENTENCE 16 or 17, wherain the catalyst support structure
comprises muitiple discrete particles having an ouler surface and these
discrete particles have a coverage of the Pt metal containing nanodots which
is at least an average of 1 nanodot per nm? of the particle surface area after

step b

19. The method of any of SENTENCEs 16-18, wherein each nanodot comprises
sufficient Pt so that a) the atomic percentage of Pt for the catalyst support
structure with the plurality of the Pt containing nanodots is from 0.5% to 3%,
preferably 1% to 2% and/or b) the weight percentage of Ptis from 5% to 40%,
preferably 10% to 30%.

20.The method of any of SENTENCEs 16-19, wherein the catalyst support
structure is a catalyst carbon support structure.

21. The method of SENTENCE 20, wherein the plurality of Pt nanodots are formed
directly on a carbon component of the catalyst carbon support.

22 The method of SENTENCE 20 or 21, wherein the catalyst carbon support
structure is a single wall fullerene such as Ceo and  Crz, multiwall fullerenss,
single wall or multiwall nanotubes, nanchorns, andfor has a density of about
0.2¢g/cm3 to about 1.9g/cm3 such as specialty carbons like such as VULCAN
or imerys’ SUPER C65.

23. A method of depositing Pt melal containing nanodols on a catalyst support
structure, preferably a catalyst carbon support structure, the mathod
comprising the steps of;

a. Forming a vapor of PH{PFa)a,

b. Exposing a surface of the catalyst support structure to the vapor of

PH{PF3)4 and an oxidizing agent, concurrently,

wherein step b. is for a time sufficient o form a plurality of the Pt metal
containing nanocdots on the catalyst support structure,
wherein the catalyst support structure is not exposed to any additional
reactants o form the plurality of the Pt metal coniaining nanodots on the
catalyst support structure, and
wherein the lemperature of the catalyst support structure surface during step

a. andfor step b is from 50 degress C to 300 degrees C, preferably from 100
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degress C {o less than 200 degress C, more praferably 100 degress C to 175
degrees C or 1o less than 175 degrees C, such as 100 degrees C or 150
degrees C.

24 . The method of SENTENCE 23, wherein the oxidizing agent is selected from
the group consisting of H20, Oz Os, oxygen radicals and mixtures thereof;
preferably Oz

25. The method of SENTENCE 23 or 24, wherein the largest linear dimsension of
the nanodots has a range from 0.25 nm to 15 nm andfor a mean of 2nm - 7 nim.

26.The method of any of SENTENCEs 23-25, wherein the catalyst support
structure comprises multiple discrete particles having an outer surface and
these discrete particles have a coverage of the Pl metal containing nanodots
which is at least an average of 1 nanodot per nm? of the particle surface area
after siep b.

27. The method of any of SENTENCEs 23-268, wherain each nanodot comprisas
sufficient Pt so that a) the atomic percentags of Pt for the catalyst support
structure with the plurality of the Pt containing nanodots is from 0.5% o 3%,
preferably 1% {o 2% andfor b) the weight percentage of Ptis from 5% {o 40%,
preferably 10% to 30%.

28. The method of any of SENTENCEs 23-27, wherein the catalyst support
structure is a catalyst carbon support structure,

29. The method of SENTENCE 28, whearein the plurality of Pt nanodots are formed
directly on a carbon component of the catalyst carbon support.

30 The method of SENTENCE 28 or 28, wherein the catalyst carbon support
structure is a single wall fullerene such as Cso and  Crz, multiwall fullerenes,
single wall or multiwall nanctubes, nanchorns, andfor has a density of about
0.2gfom3 to about 1.9g/cm3 such as specialty carbons like such as VULCAN
or imerys’ SUPER C85.

31. The method of any of the preceding SENTENCES, wherein the plurality of Pt
nanodots comprise face-centered cubic Pt crystals.

32.The method of any of the preceding SENTENCEs, wherein the Utilization
Efficiency is from 30 weight percent to 89 weight percent, preferably at least 50
weight percent, more preferably at least 75 weight percent, such as 50 waight

percent to 90 weight percent or 75 weight percent to 80 weight percent.
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Brief Description of the Several Views of the Drawing

FIG. 1 shows the vapor prassurs vs, lemperature for MeCpPiMe: {lower ling)
and PHPF3)4 {upper line);

Fi{3. 2 shows the powder vapor deposition device used (o exposs 0885 powder
i PU{PF3)4 in the experiments described herein;

FIG. 3 shows Pt nanodot deposition on G85 by CVD with Hydrogen as the co-
reactant {replicating the prior art). XPS data is presentad as Xeaxis = Normalized
Intensity {(a.u.) and Y-axis = 8V,

FiG 4 shows P nanodot deposition on 85 by ALD with Hydrogen as the co-
reactant. XPS data is prasented as X-axis = Nomalized Intensity (a.u) and Yeaxis =
V. The vertical lines demark the e\'s for Pt% The most Pt was deposited at 100
degress ¢ and the most P was deposited at 1580 degress C;

FiG. & shows scanning electron microscopy (SEM)Y images of G858 from the
axperiments of Fig. 4 for the 100 degres € daposition;

FiG. 8 shows representative resulls from a thermal decomposition deposition
without Hydrogen. XPS data is presenied as X-axis = Nomalized Intensity (a.u.) and
Y-gxis = eV The vertical lines demark the Vs for PI®  The amount of Pt nanodots

increased with 2ach temperature increase.  However the Pt was almost entirely
oxidized at all temperalures;

FIG. 7 shows representative results for Oxygen CVD XPS data is prasented
as X-axis = Normalized Intensity (8.u) and Y-axis = V. The vertica! inss demark the
gV's for PI% Pt nancdot deposition increased with temperature to 150 degrees € and
then decreasad at 200 degress © to about the level of the 100 degress C reaction.
Al conditions had substantial amounts of oxddized Py, but the 150 degrse € deposition
producad the most P9

FIa 8 shows oxygen as a corsactant in ssguential exposwes {s.g. ALD),
produced more P nancdots on the C85 XPS deta is presented as Xeaxis =
Normalized Intensity (a.u)) and Y-axdis = gV, The vertical lings demare the e\¥'s for
P Both the amount of B and the portion thereot in the form of PtY increasad with

termnperature from 50 degrees € o 180 degrees O with 200 degress € having
comparable resulis as 150 degrass

Fi. § shows scanning electon microscopy (SEMY images of C85 from the

axparimants of Fig. 8 for the 100 degres C deposition,
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Detalled Description of the invention

“‘Nanodol” means a discrete deposit of e.g. Phaving a maximal cross-sectional
dimension from 1 nanomester 1o 100 nanometars. Nano dots are most oftern roughiy
hemispharical or roughly circular, but may be any shape, including rreguiar shaped
farmations.

‘Catalyst support structure” means materials used for supporting catalytic
materials such as Pt nanodots in the cathodes of lithium ion batteries. See, e.g., Ye,
Sivu, Miho Hall, and Ping He. "PEM fuel cell catalysis: the imporiance of catalyst
support.” ECS Transactions 16.2 (2008): 2101, Shao, Yuyan, st al. "Novel catalyst
support materials for PEM fuel cells: current status and future prospects.” Journal of
Materials Chemistry 18.1 (2008} 46-58.

“Catalyst carbon support structurg” means a catalyst support structure having
carbon as a component. Examples include carbon black, graphite, graphene, Ceo
{(*buckybalis”, “fullerenes”), Crn (Ma, Jian-Li, et al. "Cr2 A novel low energy and direct
band gap carbon phase.” Physics Letters A (2020): 126325), carbon walled nanctubes
{including multi walled nanctubes), carbon nanofibers and silicon-mesoporous carbon
compaosites such as CB5.

‘CE5" means a catalyst carbon support structure having a silicon-mesoporous
carbon composite such as those described in Spahr, Michae! B, et 8l "Development

i

of carbon conductive additives for advanced ithium ion batteries.” Joumal of Power
Sources 1987 (20111 3404-3413,

Tetrakis{trifluorophosphing)platinum (PH{PF3)ey s a known  chemical
(CASHF19520-83-41 Az shown in Fig. 1, PH{PF3)¢ has a much higher vapor pressure
than the current Platinum deposition precursor Pt{MeCpiMes.

Pravious work with Pt{PFa)s described its use as a CVD precursor for thin film
depositions. Rand, Myron 1 "Cheamical Vapor Deposition of Thin- Film Platinum”
Journal of The Electrochamical Society 1205 (1973) 8868-893. The pravious work
focused on thermal CVD for Pt thin film deposition. The opsrable temperalurs range
was determinad 1o be greater than 175 degrees £, and speaifically 200 degress C to
300 degrees € to form melallic Pt as the predominant Ptoomponent of the T, Lower
wmperatures resulted in incomplsts pyrolysis and poor guality films. Oxidizing
srvironmenis were avoided and sven Nitrogen had a nagative affect on film quaiity.

We repeaisd and verified the foregoing., Ha CVD at 80, 100, 150 and even 200

degrees C vielded negligible Pt nanodot formation on a C65 substrate {discussed in
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the experimental secltion bslow) The small amount of P deposiled was mostly
oxidized., The prior art and our own resulls thus indicated that PH{PF3)s was not a
candidate for low temperature Pt nanodot deposition. Thus our subseguent work,
demonsirating successful deposition conditions was therefore highly unexpected and

surprising.

General Conditions for Pt Nanodot Depositions with PHPFil«

The farget subsirate for Pt nanodot deposition was conductive carbon blacks
C-NERGY ™ Super C85. Spahr, Michae!l .| et al. "Development of carbon conductive
additives for advanced ithium ion batteries.” Jounal of Powsr Sources 1887 (2011}
3404-3413.

The depositions were performed in a laboratory scale powder deposition shown
it Fig. 2. Unless otharwise noted, all Pt nanodot depositions were performed undsy
tha following conditions:

Pt precursor {(supplied by MFG)

PUPFae Flow rate - ~0.58scom actual (2 scom as No MFC)

Canister T; 30 degrees ©

Canister P VP of PPF

Co-reactant 02 or H2 Flow rale © 10 scom

Push Ny 35 scom

Raactor Pressure ;10 Torr

Loaded substrate {carbon support) C-NERGY super €85 ¢ dgram {8mm
stainiess  steel ball s loaded with carbon powder © pravent
agglomeration).

XRD and XPS reforence data were collected from pristing C85, Pt metal foll,
arnd GBS + Pt metal mesh. At 1008, 180°C, 175°C, 200°C, & XRD patiemn
corrasponding to Pt pattern and € pattern was observed, showing that matal platinum
can be formed in such conditions.  From the reference materials, XPS Pl peak
position was 71.2 e {(coresponding to Pt%) and C1's peak position is 284.8 eV XPS

data is presented as X-axis = Normaiized Irtensily (a.u) and Y-axis = &V,

Comparative Example: PH{PF;s}: CVD with Hydrogen
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CVD was performed for 2400 seconds using the above conditions at 50, 100,
150 and 200 degrees €. Representative XPS data is shown in Fig. 3. As expected
based on the prior art, very little Pt deposited under these conditions, even at 200
degrees C (the highest amount for this series of experiments) and the resulting Pt was
largely oxidized. The prior art deposition process was therefore confirmed to be also
unsuitable for Pt nanodot deposition, in addition to thin film deposition, at 200 degrees

or less.

PHPF3) sequential deposition or atomic laver deposition with Hydrogen

in direct contrast to the CVED results, altermnating PUPFs)¢ and Hydrogen
delivery, into separated substrate exposure steps (such as an atomic layer deposition
process), produced dramatically different and surprising results.  Representative
results from an ALD deposition with Hydrogen are shown in Fig. 4. (Number of ALD
cyclas: 12 ; ALD sequence: PPF 200s ; Purge 800s ; H2 500s ; Purge 600s; 100, 150
and 200 degrees C). Compared to Fig. 3, there is a clear and dramatic improvement
in Pt deposition, and this was sufficient to be viable for Pt Nanodot deposition. The
majority of Pt was metallic (identified by the vertical - - - - line) rather than oxidized
{(identified by the ~— line) which is also preferred for catalylic materials. Fig. 5 shows
scanning electron microscopy (SEM) images of CB5 from Fig. 4 for the 150 degree C
deposition. Of note, the quantity of Pt deposited actually goes down at 200 degress
C, indicating that the optimal temperature for Pt nanodot deposition is » 100 degrees
C to < 200 degrees C, contrary to the prior art’s conclusions for Pt thin film depositions.
This result and the Oxygen deposition rasults show that there is, unexpectadly, no
meaningful correlation between the prior art Pt thin film depositions and Pt nanodot
depositions on catalyst support structures or materials.

For the aforedescribed deposited Pt nanodots, we performed additional
analysis, specifically powder X-ray Diffraction, Differential Thermal analysis and
Thermogravimetric analysis in air. The XRD results indicate that the metallic Pt
deposited at 150 degress C is crystailine, having an face-centered cubic {(FCC)
structure. FCC crystalized Pt {rather than amorphous Pt} is the preferred form of
metallic Pt for catalytic activity.

For industriglization, the amount of metallic Pt deposited omto a catalytic
support and its stability are important considerations. TGA + DTA analysis showed

that Pt nanodots formed at 150 degrees C were thermally stable up to approximately

10
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575 degrees C. Final residual mass at 1000 degrees C for the TGA showed that
approximately 9 weight percent of the materials was deposited PL By varying the
number of cycles, the pulse length and the temperature, 30 weight percent Pt (or
higher) was achieved, with the best resulis at 150 degress €, of the temperatures
tested.

Utilization Efficiency means the [The amount of Pt deposited on a catalytic
supportlithe amount of Pt introduced as PY{PF3)4] and can be expressed as a fraction
or as a perceniage. By varying the number of cycles, the pulse length and the
temperature, 75% (or higher) Pt Utilization Efficiency was achieved, with the best

results at 150 dagrees C, of the temperatures {estad.

PH{PF:) deposition without co-reactant {thermal decomposition)

In view of the unexpecied and counterintuitive results with alternating PY{PF3)4
and Hydrogen delivery, we examinad a purely thermal decompaosition CVD process
without any co-reactant (2400 seconds reaction time, 50, 100, 1580 and 200 degrees
C). Representative results from a thermal decomposition deposition without Hydrogen
are shown in Fig. 6. SEM of €65 samples showed Pt nanodots similar to those seen

in Fig. 5.

PEH{PF3) - CVD deposition with Oxygen; sequential deposition or atomic layer
deposition with Oxygen

In view of the unpredicted and unexpecied Pt nanodot depositions seen without
co-reactant and with alternating Hydrogen co-reactant, we explored use of Oxygen as
a representative oxidizing co-reactant.  Based on the prior art, Oxygen is not
compatible with Pt film deposition using PU{PFs3)e. Replacing Hydrogen with Oxygen
{but otherwise keeping the conditions the same), we determined that Oxygen is not
only compatible with Pt nanodot deposition, but in some ways alsg belter than
Hydrogen.

Fig. 7 shows representative results for Oxygen CVD. In contrast to the results
with Hydrogen shown in Fig. 3, Oxygen co-reactart CVD produced substantially more
Pt nanodot formation on the €85 (SEMs not shown). Likewise, Oxygen as a
coreactant in sequantial exposures {e.g. ALD), produced more Pt nanodots on the
CB5 {Fig. 8). A representative SEM of the Pt nanodots formed at 100 degrees C is

shown in Fig. 9.

11
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Preferred Pt Nanodot Depositions

In contrast to the prior art Pt film depositions, Pt Nanodot depositions ocour at
temperatures below 200 degress C, preferably at or below 175 degrees C, such as
150 degrees C, 100 degrees €, and even at 50 degrees © o a lesser extent. The
industry need is especially for depositions of 175 degress C or less based on the
thermal tolerances of current catalyst substrate materials such as €865, While we
demonsirate robust Pt nanodot deposition at low temperatures, the preferred Pt stale
is metallic Pt rather than oxidized Pt. Thus conditions that favor metailic Pt content in
the Pt nanodots are preferred. Further parametar optimizations are expected to furthear
improve these resuits. One exemplary optimization is the use of seguential Oxygen
and then Hydrogen co-reactant depositions to produce a blended result of their
refative benefits while mitigating their relative undesirable features. For example,
Oxygen {(or any oxidant) could be used for a majority of ALD cycles, followed by

Hydrogen {(or any other reducing agent) ALD cyclas.

12
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Claims:

1. A method of depositing Pt containing nanodots on a catalyst carbon support

structure, the method comprising the steps of:

a. forming a vapor of Pt(PF3)4,

b. exposing a surface of the catalyst carbon support structure to the vapor
of Pt(PF3)4,

C. purging the surface of the catalyst carbon support structure with a purge

gas to remove the vapor of Pt(PF3)4,
d. exposing the surface of the catalyst carbon support structure to a second
reactant in gaseous form,
e. purging the surface of the catalyst carbon support structure with a purge
gas to remove the second reactant,
f. repeating steps a. - e. to form a plurality of the Pt containing nanodots
on the catalyst carbon support structure
wherein the temperature of the catalyst carbon support structure during step a. and/or
step b. is from 50 degrees C to 300 degrees C, preferably from 100 degrees C to less
than 200 degrees C, more preferably 100 degrees C to 175 degrees C or to less than
175 degrees C, such as 100 degrees C or 150 degrees C.

2. The method of claim 1, wherein the second reactant comprises an oxidizing
agent selected from the group consisting of H20, Oz, O3, NO2, oxygen radicals and

mixtures thereof; preferably Oo.

3. The method of claim 1, wherein the second reactant comprises a reducing
agent selected from the group consisting of Hz2, NHs, SiH4, Si2Hs, SisHs, SiH2Mez,
SiH2Et2, N(SiHs3)s3, hydrogen radicals, hydrazine, methylhydrazine, amines, NO, N20,
and mixtures thereof; preferably Ho.

4. The method of any of claims 1 to 3, wherein the largest linear dimension of the

nanodots has a range from 0.25 nm to 15 nm and/or a mean of 2nm - 7 nm.

5. The method of any of claims 1 to 4, wherein the repetition of steps a.-e. is from
5 to 40 times.

13
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6. The method of any of claims 1 to 5, wherein the plurality of the Pt containing

nanodots are formed by an atomic layer deposition reaction.

7. The method of any of claims 1 to 6, wherein each Pt containing nanodot
comprises sufficient Pt so that a) the atomic percentage of Pt for the catalyst carbon
support structure with the plurality of the Pt containing nanodots is from 0.5% to 3%,
preferably 1% to 2% and/or b) the weight percentage of Pt is from 5% to 50%,
preferably 10% to 30%.

8. The method of any of claims 1 to 7, wherein the catalyst carbon support

structure contains at least 30% carbon by weight.

9. The method of claim 8 wherein the plurality of Pt nanodots are formed directly

on a carbon component of the catalyst carbon support structure.

10. The method of claim 8 or 9, wherein the catalyst carbon support structure :
e is selected from single wall fullerenes, multiwall fullerenes, single wall or
multiwall nanotubes and nanohorns, and/or

e has a density of about 0.2g/cm? to about 1.9g/cm?® such as specialty carbons
like VULCAN or Imerys' SUPER C65.

14



