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INTERNATIONAL SEARCH REPORT International application No.

PCT/US 21/63487

A. CLASSIFICATION OF SUBJECT MATTER
IPC - B22F 1/02; B22F 9/14; B22F 9/16 (2022.01)

CPC - B22F 9/24; CO1B3 2/914; C22C 32/0052

According to International Patent Classification (IPC) or to both national elassification and IPC
B. FIELDS SEARCHED

Minimum documentation searched (classification system followed by classification symbols)
Sae Search History document

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched
See Search History document

Electronic data base consulted during the international search (name of data bese and, where practicable, search terms used)
See Search History document

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category* Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.
X US 2019/161840 A1 (University of Maryland, College Park) 30 May 2019 (30.05.201 9) para 1-5, 18-13, 24-27, 32/{1-
— [0005)-[0006], para [0015], para [0019], para [0033], para [D038], para {0055}, para {0059], para | 5, 18-18, 24-27)
¥ [0100)}-[0101], para [0131], Fig. 21A
_— 6-11, 14-17, 20-23, 28-
A ' 31, 32116-11, 1417, 20-

23, 28-31)

12-13, 32/(12-13)

Y US 2019/177238 A1 (The Regents of The University of Michigan) 13 June 2019 (13.06.2019)  [6-11, 14-17, 32/6-11, 14-
— para [0017], para [0023], para [0150), para [0228)], 17

12-13, 32/(12-13)
Y -~ |ROGACHEV, A. 8. Struciure, Stability, and Properties of High-Entropy Alloys. Physics of Metals | 20-23, 32/(20-23)
and Metallography. 10 Gotober 2020, Vol. 121, No. 8, pg 1, In 7-8, pg 6, col 2, In 7-9, pg 13, col
1,In, 6-13, pg 16, col 1, In 34-36, pg 18, col 2, In 44-48,

Y =~ |WANG, K. Microstructure and Mechanical Propertiss of (TiZeNbTaMo)C High Entropy Ceramic. |28-31, 32/(28-31)
Journal of Materials Science and Technology. 15 February 2020, Vol, 39, pg 8,In 7-9,

US 2018/043437 A1 (Nanoscale Powders, LLC) 15 February 2018 (15.02.2018) para [C023], 1

US 6.013.800 A (Lea et al.) 11 January 2000 (11.01.2000) enl 1, In 38-41, 3}

I:l Further decuments are listed in the continuation of Box C. D See patent family annex.

* Special categories of cited documents: ) “T"  later document published after the intermational filing date or priority

“A" document defining the general state of the art which is not considered date and not in conflict with the application but ¢itéd to understand
tn he of particular relevance the principle or theory underfying the invention

“D" dacument cited by the applicant in the internationat application “X” document of particular relevance, the claimed invention cannot be

“E” earlier application or patent but published on or after the international censidered novel or cannot be considered to involve an inventive siep
filing date when the document i5 taken alone

“L™  document which may throw doubts on priority claim(s) or which Y~ document of particular relevance; the claimed invention cannot
is cited to establish the publication date of another citation or other be considered to involve an inventive step when the document is
special reason (as specified) combingd with one or more other such documents, such combination

“0™  document referring toan oral disclosure, use, exhibition or other means being obvious to a person skilled in the art

“P™  document published prior to the international filing date but later than &~ document member of the same patent family
the priority date claimed

Date of the actual completion of the internationa) search Date of mailing of the international search report
3 February 2022 APR 12 2022
Name and mailing address of the ISA/US Authorized officer

Mail Stop PCT, Attn: ISA/US, Commissianar for Patenis Kari Rodriquez

P.Q. Box 1450, Alexandria, Virginta 22313-1450 ,

Facsimile No. 571-273-8300 Telephone No. PCT Helpdesk: 571-272-4300
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Box No, 11 Observations where certain claims were found unsearchable (Continuation of item 2 of first sheet)

This international search report has not been established in respect of certain claims under Article 17(2)(a) for the following reasons:

I. El Claims Nos.:
because they relate 1o subject matter not required to be searched by this Authority, namely:

2. I___l Claims Nos.:

because they relate to parts of the international application that do not comply with the prescribed requirements to such an
extent that no meaningfut international search can be carried out, specifically:

3. I:I Clnims Mos.:

because they are dependent claims and are not drafted in accordance with the second and third sentences of Rule 6.4(a).

Box No.II1  Observations where unity of invention is lacking (Confinuation of item 3 af frst sheet)

This International Searching Authority found multiple inventions in this international application, as follows:
--—588 supplemental box—---—-—-—— -—

As all required additional search fees were timely paid by the applicant, this interational search repont covers all searchable
claims.

2, , As all searchable claims could be searched without effort justifying additional fees, this Authority did not invite payment of
additional fees. .

As only some of the required additional search fees were timely paid by the applicant, this intemational search report covers
only those ¢laims for which fees were paid, specifically claims Nos.:

4, E No required additional search fees were timely paid by the applicant. Consequently, this international search report is restricted
to the invention first mentioned in the claims; it is covered by claims Nos.:
1-32

Remark on Protest D The additional search fees were accompanied by the applicant’s protest and, where applicable, the
payment of a protest fee.

I:I The additional search fees were accompanied by the applicant's protest but the applicable protest
fee was not paid within the time limit specified in the invitation.

D Ne protest accompanied the payment of additional search fees,
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INTERNATIONAL SEARCH REPORT International application No.

PCT/US 21/63487

Bix. M {Lack of Unity)

This application contains the following inventions or groups of inventions which are not so linked as to form a single genaral Inventive
concept under PCT Rule 13.1, In order for all inventions to be searched, the appropriate additional search fees must be paid.

Group I: Claims 1-32 is directed toward a structure comprising: one or more multi-element compound (MEC) nanepariclas, each MEC
nanaparticle having a plurallty of sites comprising one or more elerments, aach site forming a compound bond with at least one other site
of the compound nancparticle, wherein one or more of the compound bonds comprises a covalent boand, an lonic bond, a metallic bond,
ar any ¢combination of the foregoing, and each MEC nanoparticle is formed of at least three different elements,

Group |I: Claims 33-66 is directed toward a method comprising: (a) providing a subsirate with a plurality of metal salt precursors thereon,
at least one of the metal sall precursors comprising O, the plurality of metal salt pracursors comprising at least three different metal
alaments; (b) heating the substrate from an inltial temperature to a first temperature at a first heating rate of at least 104 K/s; {c}
maintaining the substrate al the first tamperature for a first time perlod; and (d) at an end of the first time period, cooling the substrate
from the first temperature to a second tempsrature at a first coaling rate of at least 105 Kfs, wherein the Initial temperature and the
second iemperature are less than 500 K, and the heating of (b}, the maintaining of {c), and the cocling of (d} are such that the metal
salt precursors on the substrate are converted to one or mare multi-element oxjde (MEO) nanoparticles, each MEC nanoparticle
comprising O and the at laast thres metal slemants in a single hamogenous phase; and a method comprising: (a} providing a substrate
with one or more high entropy alloy (HEA) nanoparticles thereon, each HEA nanopariicle comprising at laast flve different metal
elements; (b) healing the substrate to a first temperature at a first heating rate of at least 104 K/s; (c) maintaining the substrate at the
first tamperatuse for a first ime period; and (d) at an end of the first time period, cooling the substrate from the first temperature to 3
second temperature al a first cooling rate of at least 105 K/s, wherein the second temperature is less than 500 K, the first temperature is
greater than 100@ K, and the first time period is in a range of 1 minute to 10 minutes, indusive, and the heating of (b}, the maintalning of
(c), and the coaling of {d} are such that the ane or more HEA nanoparticles are converted o one or mare multi-element Intermetallic
(ME!) nanoparticio, each MEI nanoparticle comprising the at least five metal glernants in single phase.

The inventions listed as Groups I-1l do not relate to a single general inventive concept under PCT Rule 13.1 because, they lack the same
or caresponding special technical features for the following reasons:

Epcainl Technical Meaturss.

The invention of Group | includes the special technical feature of a structure comprising: a plurality of sites comprising one or more
elements, each site forming a compound bond with at least ane cther site of the compound nanoparticle, whareln one or more of the
compound bonds comprises a covalent bond, an ionig bond, a matallic bond, or any combination of the foregoing, not required by Group
1.

The invention of Group ! includes the special technleal feature of a method comprising: (&) providing a substrate with a plurality of metal
salt precursors therean, at least one of the metal salt precursors comprising O; (b} heating the substrate from an initial tamperature {0 a
first temperature at a first healing rale of at least 104 K/s; (c} maintaining the substrate at the first temperature for a first time period; and
(d) at an end of the first time period, cooling the substrate from the first fernperature 1o a second temperature at a first cooling rate of at
least 105 K/s, wheresin the initial temperature and the second temperature are less than 500 K, and the heating of {b), the maintaining of
(c). and the cooling of (d) are such that the metal salt precursors an the substrate are convarted to one or more mulli-element oxide
{MEQ} nanoparticles, each MEO nanoparticls comprising Q and the at least three metal elements in a single homogenous phase; and a
method comprising: {a) providing a substrate with one or more high entropy alloy (HEA) nanopariicles thereon, each HEA naroparticle
comprising at least five different metal elemants; {b) heating the substrate to a first temperature at a first heating rate of at least 104 K/s:
{¢) maintaining the substrate at the first temparature for a first time period; and (d) at an end of the first time period, coaling the substrate
from the first temperature to a second temperature at a first cooling rate of at least 105 Kfs, whareln the second temparature is leas than
500 K, the first terperature is greater than 1000 K, and the first time period is in a range of 1 minute to 10 minules, inclusive, and the
heating of (b}, the maintaining of (c), and the caoling of {d) are such that the one or more HEA nancparticles are converted to one or
more mulli-eiement intermetallic {MEI) nanoparticies, each MEI nanoparticle comprising the at least five metal elements in g single
phasa, not required by Group 1,

Shared Technical Features:

The inventions of Groups I-!! share the technical features of one or Fore multi-elemant nanoparticles, wherein each multi-element
nanoparticle Is formed of at least three different elements.

However, these shared technical features da not reprasent a contribution over prior art, because the shared technical feature Is being
anticipated by US 2019/16184) A1 to University of Maryland, College Park (hereinafter "Maryland"). Maryland teaches one ar more multi
-element nancparticles (para [0005], the present disclosure relates 1o a formatlon of multielemeant nanoparticles that include at ieast
three elements}), wherein each muiti-elamant nanoparticle is formed of at least thres different alements {para [0005], the present
disclosure relates to a formation of multielement nanoparticles that include at least thrae elemants).

As the common features were known in the arl at the time of the invention, they cannot be considered special technical features that
would vlherwisc unify the groups.

Therefore, Groups I-il lack unity under PCT Rule 13 because they do net share a same or comespanding special technical feature.

Form PCT/ISA/210 (extra sheet) {July 2019)
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