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Nanoparticles comprising three or more
di erent metals are challenging to prepare. Genera
methods that tackle this challenge are highly sought afté
as multicomponent metal nanoparticles display favorable
properties in applications such as catalysis, biomedicine, B ' ‘
and imaging. Herein, we report a practical and versaéue o rorootes T oot
approach for the synthesis of nanoparticles composed of up
to four di erent metals. This method relies on the thermal decomposition of nanostructured composite matel
assembled from platinum nanopatrticles, a rBetglanic framework (ZIF-8), and a tannic acid coordination polymer. The
controlled integration of multiple metal cations (Ni, Co, Cu, Mn, Fe, and/or Thb) into the tannic acid shell of the precurs
material dictates the composition of theal multicomponent metal nanoparticles. Upon thermolysis, the platinum
nanoparticles seed the growth of the multicomponent metal nanopavigctemlescence with the metallic constituents of
the tannic acid coordination polymer. The nanoparticles are supported in the walls of hollow nitrogen-doped pol
carbon capsules created by the decomposition of the organic components of the precursor. The capsules prevent si
and detachment of the nanoparticles, and their porosity allows fteert mass transport. To demonstrate the utility of
producing a broad library of supported multicomponent metal nanoparticles, we tested their electrocatalytic perform
toward the hydrogen evolution reaction and oxygen evolution reaction. We discovered functional relationships betwes
composition of the nanoparticles and their electrochemical activity and ieléiie PtNiCu and PtNiCuFe nanoparticles
as particularly ecient catalysts. This highlights how to generate diverse libraries of multicomponent metal nanoparti
that can be synthesized and subsequently screened to identify high-performance materials for target applications.

metaorganic framework, multicomponent, metal nanoparticles, electrocatalysts, water splitting

pyrolysis screen library for
A

best catalysts

he integration of multiple @rent metals into blend into homogeneous alloys, attractive chemical, elect

nanoparticles presents formidable challenges as ted magnetic properties frequently emerge. Due to t

constituents tend to separate into an ensemble d#&vorable characteristics, alloyed nanoparticles are deploy
individual phases or to aggregate in an uncontrolled tiannerrange of applications such as chemical catalyséstro-
General synthetic methods to multicomponent metal nano-

particles (MMNPS) are highly sought after as they can exhibit February 6, 2018
properties that do not arise in their single-component April 10, 2018
counterparts. In particular, when the components of MMNPs April 18, 2018
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catalysi$!®™'" mediciné®?° and magnetic imagifig>> particles are produced if the potassium ions of the tannic acid
Although a breadth of approaches to the synthesis of bintayer are exchanged with cobalt(ll) to give ZIF-8/Pt@Co-TA
MMNPs exists, general synthetic routes to MMNPs thadrior to pyrolysis§cheme,IRoute B). Again, the tannic acid
integrate three or more dient elements are raté!’ Ina  shell plays a vital role by bringing the seed PtNPs and the
notable recent contribution, a polymer nanoreactor-mediatdigpersed cobalt ions into close proximity. The cobalt ions are
synthesis method was reported to produce a combinatorietiuced to cobalt metal in the pyrolysis step. Owing to the ideal
library of multimetallic nanopartiéfeg/hile this work is a  structure of the composite, no segregated unary PtNPs nor
beautiful realization of a diverse library of MMNPs unattainalileNPs are observed. Bimetallic PtCoNPs are generated as the
by conventional methods, it is not readily conducive to thexclusive product.
synthesis of MMNPs at scale. To bridge the exquisiteBy capitalizing on these results, we sought to develop a
properties of MMNPs with their growing body of applicationgractical method for the synthesis of libraries of MMNPs
robust and scalable synthetic methods are a pressing challegbedded in the walls of hollow porous nitrogen-doped carbon
In this context, we hypothesized that a general route tapsulesScheme,lRoute C). We hypothesized that it should
libraries of supported MMNPs could be based on assemblivgpossible to exchange the potassium ions in the K-TA shell by
the metal constituents in suitably designed precursor matermaldtiplenetal ions to yield mixed-metal composites of the form
fabricated from readily available starting compounds. \ZH--8/Pt@M"™TA, where M*is a mixture of two or more
recently discovered that monometallic or bimetallic nandiffereninetal ions. We illustrate this in step \Gabfeme.1
particles supported on nitrogen-doped hollow porous carb@he subsequent pyrolysis of the ZIF-8/PI&M compo-
capsules (NPCCs) can be generated by the thermolysissiites (Route C, step VSpheme)lis designed to produce
composites of mefalrganic frameworks and tannic acid supported MMNPs that comprise platinum along with two or
coordination polymers¢heme)*® Here, the met&brganic three other components (MMNPs@NPCC). This step is
designed to reduce the metal ions in the TA coordination
Scheme 1. lllustration of the Synthetic Routes to Various polymer to their zero-valent state. Because intimate contact
Types of Metal Nanoparticles Embedded in Nitrogen-Dopedwith the PtNP seeds is ensured by the ZIF-8/PY@M
Porous Carbon Capsules composites, these metals should fuse to produce alloyed
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given the variety of metal iong"that can be incorporated
into the tannic acid coordination polymer shell.

MMNPs. In principle, this protocol would be amenable to the
pyrolysis
—_—
\

formation of diverse libraries of MMNPs@NPCC materials
ZIF-8 ZIF-8/Pt@M-TA Route B

nanocrystal core-shell composite bimetallic nanoparticles
on hollow carbon capsules
(PtM@NPCC)
| |PtNPs v exchange of K*
w1th single M™

tanmc aCId 0 Pyrolys1s .

ZIF-8/Pt@K-TA
core-shell composite

PENPs on ZIF-8 Route A

(ZIF-8/Pt)

monometallic nanoparticles
on hollow carbon capsules
(Pt@NPCC)

exchange of K*
Wlth multiple M™

o pyrolysis .

ZIF-8/Pt@Mmix-TA Route C

Vil \ pyrolysis VI

PtNPs on NC
{NC/Pt) core-shell composite

multicomponent metal
nanoparticles on hollow carbon
capsules (MMNPs@NPCC)

We report here the successful realization of this methodology
and the generation of a diverse range of supported MMNPs.
This straightforward fabrication method suppresses the
uncontrolled nucleation of individual metal ion nanoparticles
and prevents the formation of an ensembleenéni phases.

It is potentially scalable as it relies on readily available precursor
compounds, and the manipulations are amenable to large
guantities of materials. To demonstrate the utility of MMNP
libraries, we outline their synthesis followed by a rapid
screening assay to identify high-performance catalysts for
electrolytic water splitting. We have focused on tri- and
tetrametallic NPs to date; however, we anticipate that this
proof-of-concept work could be extended to MMNPs
containing an even larger number of components.

RESULTS AND DISCUSSION

As previously reported, ZIF-8/Pt@K-TA can be heated under
hydrogen/argon (40/60) to produce Pt@NPCC, which
features 5.5 nm platinum nanoparticles sup orted in the
walls of hollow NPCC capsulﬁsr(eme Route A¥’In this
thermolysis process, the organic components of ZIF/Pt@K-TA
are converted into hollow nitrogen-rich carbon capsules. These
capsules are free of potassium and zinc: the potassium ions are

framework is ZIF-8. When coated with a coordination polymeliminated by washing, and the zinc ions are reduced to zinc
comprising potassium tannic acid (K-TA), organic componentgetal, which evaporates during pyrolysis. Whereas the PtNPs in
of the composite form a hollow capsule upon pyrolysis. TE#F-8/Pt@K-TA are initially too small to detect by powder X-
tannic acid coordination polymer shell plays a crucial role riay diraction (PXRD), upon thermolytic conversion to other
directing the formation of the hollow capsules; dense partictaaterials, the PtNPs increase in digeagglomeration and/or

form in its absence. The integration of platinum nanoparticldee inclusion of additional metadsd become detectable by
(PtNPs) can be achieved by sandwiching them between tR¥RD (ide infra

ZIF nanocrystal and the K-TA shéltHeme ,1step I) to

Extending this protocol to the synthesis of supported

produce a composite material denoted as ZIF-8/Pt@K-TAimetallic nanoparticles, the pyrolysis of ZIF-8/Pt@Ni-TA
Pyrolysis of this material yields supported monometalliesults in hollow nitrogen-doped porous carbon capsules with

nanoparticlesSgcheme ,1Route A).Bimetallid?tCo nano-

platinum/nickel alloyed nanoparticles embedded in the capsule
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walls (PtNi@NPCC). Scanning electron microscopy (SEMHRTEM) images of individual PtNiNPs clearly reveal lattice
images reveal the same capsule morphology observed for Ri@es with an interplanar spacing of 2.14 A, which equates to
NPCC (Figure S)3TEM images comm that the capsules are the contrast prdes of the (111) planesigure B). The peaks
hollow and that the nanoparticles are deposited uniformly im the selected area electrorradition (SAED) pattern of

the capsule wall§igure 3). The average diameter of the PtNI@NPCC can be indexed to the (111), (200), (220), and
PtNINPs in PtNi@NPCC is7.2 nm, which is consistent with (311) planes of the alloyed PtNi nanoparticlesie .

the nickel atoms from the Ni-TA layer fusing with the Pfrhese measurements indicate that the Pt and Ni atoms are
nanoparticles during pyrolysis to produce bimetallic PtMijoyed in the nanoparticles, and this wasnoet by two
nanoparticlesF(gure S30 The PXRD pattern of PINI@ additional measurements. First, STEM images and the
NPCC exhibits (111), (200), and (220)e@tions at 2angles  corresponding elemental maps show that the Pt and Ni
intermediate between those of Pt@NPCC (monometalligioms are spatially colocatédure 25g). Second, an energy-
PtNPs) and Ni@NPCC (monometallic NiNPs), as illustratedishersive spectroscopy (EDS) line scan analysis exhibited a
in Figure 1High-resolution transmission electron microscopyitorm distribution of the Pt and Ni atofig(re B,i). X-ray

photoelectron spectra (XPS) of PtNi@NPCC demonstrate the

L N PINICo@NPCC presence of platinum, nickel, carbon, and nitréggme(
Mimﬂg@xgg S40. The Pt 4f and Ni 2p binding energies align closely with
S N ptN:FengCC those previously reportgd for EtN_i nanopafti€iesuctively
[ T A PHICUGNPCE coupled plasma atomic emission spectroscopy (ICP-AES)
S ——— A\ PN@NPCC analysis results show that the PtNiNPs supported on PtNi@
3. "
s A NGNRCC NPCC contain 4 wt % Pt and 10.2 wt %Tib(e ). This
2 : L . equates to a Pt/Ni molar ratio of about 1:8, which correlates
g gy B Eﬁmd Mn very closely with the Pt/Ni ratio found in the ZIF-8/Pt@Ni-TA
= i simulated Fe precursorfable SIL The high Ni content, previously observed
Slinulated Cu in other PtNiNP materials, and the uniform mixing of the two
] A simulated Cq e . .
R simulated Ni metals are enabled by the similarity of their crystal structures
j simulated Pt (face-centered cubic (f6cc) packing) and the melting of the
10 20 30 40 50 60 70 80 PINPs during pyrolySis. _ _ ,
20 (deg.) We then investigated the mechanism of formation of PtINi@

) ) ) NPCC. Pyrolysis of ZIF-8/Pt@Ni-TA was carried out in 100
Figure 1. PXRD patterns of selected single- and multicomponento steps between 500 and 9G0 which was followed by
metal nanoparticles supported on hollow carbon capsules. immediate cooling. TEM and PXRBg(res S4 and §17

Counts (a.u.)

T T T T T T T T T
0 10 20 30 40 50 60
Position (nm)

T T T

Figure 2. (a) TEM image of PtINi@NPCC. (b) HRTEM image of an individual PtNi nanopartit. $9EM image and elemental mapping
of PtNi@NPCC. (h,i) STEM image and EDS distributions of Pt and Ni along the arrow line on h. (j) SAED pattern of PtNi@NPCC.
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Table 1. Summary of the Compositions and Textural Properties of the Porous Carbon Nanocapsules and Their Composites
with Monometallic and Multicomponent Metal Nanopartitles

material precursor Pt wt % Niwt % °Mt % MP N wt % BET pore volunié

NC ZIF-8 n/a n/a n/a n/a n/d 1245 0.67
NPCC ZIF-8@K-TA n/a n/a n/a n/a n/d 685 1.0f
Ni@NPCC ZIF-8@Ni-TA n/a 4.15 n/a n/a 6.90 750 0.9%
Pt@NPCC ZIF-8/Pt@K-TA 6.22 n/a n/a n/a 1.82 842 1.3%
PtNi@NPCC ZIF-8/Pt@NI-TA 4.00 10.2 n/a n/a 1.48 €588 0.85°
PtNiFe@NPCC ZIF-8/Pt@NiFe-TA 2.50 3.81 1.60 n/a 1.77 658 0.85
PtNiCo@NPCC ZIF-8/Pt@NiCo-TA 3.25 6.38 1.11 n/a 1.90 717 0.88
PtNiTb@NPCC ZIF-8/Pt@NiTb-TA 2.67 5.19 3.58 n/a 1.74 476 0.64
PtNiCu@NPCC ZIF-8/Pt@NiCu-TA 2.31 4.21 1.12 n/a 1.80 681 0.94
PtNiIMn@NPCC ZIF-8/Pt@NIMn-TA 3.07 6.48 0.32 n/a 1.96 730 0.90
PtNiCuFe@NPCC ZIF-8/Pt@NiCuFe-TA 1.88 3.08 0.71 0.49 1.92 680 0.64
PtNiCuTbh@NPCC ZIF-8/Pt@NiCuTb-TA 1.84 2.85 0.58 1.09 1.89 702 0.66

3n/a = not applicable; n/d = not determirfdd, = Fe, Co Th, Cu, or Mn; M Fe or Th; metal content determined by ICP-%ES. surface
area in fig determined by Nadsorption at 77 KTotal pore volume in éfg determined at 0.95 bar byadsorption at 77 RAs reported in
ref25

reveal the progressive evolution of PtNI@NPCC. A sandwichThe subsequent pyrolysis of ZIF-8/Pt@NiFe-TA resulted in
like ZIF-8/Pt@carbon is initially formed by the pyrolysis ofhe formation of hollow capsules that support alloyed
ZIF-8/Pt@Ni-TA at 500C, in which the Ni-TA layer has trimetallic PtNiFe nanoparticldsiglire @). A breadth of
carbonized but the ZIF core is retaifféglifes S4 and S).7a  experimental techniques supports this conclusion. SEM and
The carbon layer formed in this step serves as a template T&M images demonstrate the existence of hollow capsules
the further deposition of the carbon shell. As the pyrolysi®mprising nitrogen-doped carbon, with embedded metal
temperature increases to 600 and then t6C70Mie ZIF-8  nanoparticlesF{gures @ and S18a) The nanoparticles

core decomposes to ZnO. Some of the ZnO is reduced €@Mmprise three dirent metallic components (Pt, Ni, and
metallic Zn by hydrogen, and the genesis of capsule formatigh With a random spatial distribution, as evidenced by high-
becomes evident at this poiftg(res S4 and S).7Fhe resolution scanning transmission electron mmroE@meﬁ .
density of the capsules is sagmtly reduced by 70C, 3b and818_¢ The average @ameter of these PtNiFeNPs is
indicating that the formation of the hollow capsule core is/-3 M Eigure S30 which is larger than that of the seed
largely completéigure S1)cBy heating to 800 and 9D, PtNPs and thus consistent Wlth the incorporation of nickel a_nd
the ZnO is continually reduced to Zn metal, which thedron from the tanmc acid shell mto thg PtNPs.durmg 'pyronS|s.
vaporizes and escapes from the matEfilrds S4 and Each nanoparticle showed lattice fringes with an interplanar
S17d) The alloyed PtNiNPs are formed at these highefPacing of 2.17 A, which corresponds to the contréess pfo
temperatures. The PtNi (111) peaks observed by PXRD stfifi" (111) planesHgure B). Their SAED pattern can be
subtly with the pyrolysis, which indicates that the compositi e.XGd to the (11.1)|’ (ZQO)' (220), and (311.) plapes of alloyed
of the NPs varies with temperatérigure Sg Upon pyrolysis NiFe nanoparticlesFigure §). STEM imaging, EDS

o : : . : apping, and EDS line scans rornthat the three metal
Z‘;riﬂgs%f%refhgaptN'@NPCC is produced, as in the dlrec{;mponents are uniformly distributBdre 85f,h.i). The

: . trTimetaIIic nanoparticles exhibitatition peaks at 2 43.3
These results provide a platform for the synthesis ohd 50.4, which can be assigned to the (111) and (200)

multicomponent metal nanoparticles comprising three : . - .

more dierent metals embedded in the walls of hollow carb%gigﬁogsérrz]fgse (\:/t;;/_ag’ Szfen E%ISE'%@E%%SEEHSthﬁ:ﬁ the
capsules. We set about this goal by exchandimemetal 0 er size of Ni and Fe. XPS on PtNiFe@NPC@rh

ions into the tannic acid coordination polymer shell prior %he presence of platinum, nickel, iron, carbon, and nitrogen
thermolysis (Route C iBcheme )1 Our initial experiments (Figure S4LPt 4t,, and Pt ,Asflz bands were observed at 72.0
focused on replacement of the potassium ions in the K-TA Sh&ﬁ'% 75.3 eV, which are in agreement with values reported for
by a mixture of nickel(ll) and iron(lll) ions to give ZIF-8/Pt@ platinum metal in binary and ternary alloy sy$te#& The
NiFe-TA. Inserting approximately equal quantities of these tWp 2, . and Ni 2p,, peaks were observed at 853.1 and 870.4
metal ions was not straightforward due to theriml ey and Fe 2p and Fe 2p, peaks were observed at 707.6 and
propensities for displacing potassium ions. However, by cargh) 7 ev, together with a Ni Auger feature at 712.1 eV. These

adjustment of the relative amounts of FgN@d Ni(NQy), results are in accord with XPS data reported for zero-valent
added to the methanolic solution used for cation exchangesigkel and irofi*>?>*° The Pt/Ni/Fe ratio in PtNiFe@NPCC

ZIF-8/Pt@NiFe-TA composite with 2.23 wt % Ni/0.95 wt %(2.5 wt % Pt, 3.81 wt % Ni, and 1.6 wt % Fe) is 1:5.2:2.3, as
Fe was produceddble S1 and Figure F8EEM and SEM  determined by ICP-AESaple ). This is consistent with the
images of the resulting ZIF-8/Pt@NiFe-TA composite cleanfiitio of Pt/Ni/Fe = 1:5.14:2.31 in the ZIF-8/Pt@NiFe-TA
reveal that the polyhedral morphology of the ZIF-8 nanocrysgakcursor Table S)L The nitrogen content is 1.77 wt %, as
template remains intact after the incorporation of iron(lll) andetermined by elemental analysis. XPS also allowed examina-
nickel(ll) into the TA layetr{gure S88 bPXRD showed that tion of the nitrogen speciation in the carbon suppayts€s

the crystallinity of the ZIF core is retained and that the NiF&35S47). We identied pyridinic N (398.5 eV), pyrollic N

TA shell is amorphous, as expediagife SB (400.0 eV), graphitic N (401.5 eV), and pyridinic oxide (405.5

4597 DOI:10.1021/acsnano.8b01022
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Figure 3. (@) TEM image of PtNiFe@NPCC. (b) HRTEM image of an individual PtNiFe nanopar&f)eSTEM image and elemental
mapping of PtNiFe@NPCC. (g) SAED pattern of PtNiFe@NPCC. (h,i) STEM image and EDS distributions of Pt, Ni, and Fe along the arrow
line on h. (j) TEM image of PtNiCo@NPCC. (k) HRTEM image of an individual PtNiCo nanopartigts. gTEM image and elemental
mapping of PtINICo@NPCC. (p) SAED pattern of PtINIiCo@NPCC. (q,r) STEM image and EDS distributions of Pt, Ni, and Co along the
arrow line on g.

eV). N-doping reduces the hydrophobicity of carbon, wherdd&Cu-TA (Figures S3 and S99,b.2IF-8/Pt@NiMn-TA
pyridinic N sites promote both oxygen evolution reactio(Figures S3 and S9¢,dand ZIF-8/Pt@NiTb-TARigures
(OER) and hydrogen evolution reaction (HER), which is 053 and S)0A subsequent pyrolysis step af@0@duced the
relevance to electrocatalytic water splitting tests discusagstal ions and alloyed them with the PtNP seeds while
below. The Raman spectra for all samples show a prominentfgyitaneously generating the hollow capsule support. The key
band; therefore, the carbon capsules are expected to po fSerties of materials are summarizédite 1 The metal

good electrical conductivity, which will enhance their elect hd nitrogen contents of these composites were determined by

catalytic performandeéiqure S36 . . ) i
We subsequently extended the fabrication method to othICP AES and combustion elemental analysis, respectively.

multicomponent metal nanoparticles. PtNiCo@NPCC, PtNﬁF\aracterlzatlon by P.XRD’. SEM, TEM, HRTEM, STEM,
Cu@NPCC, PINiTb@NPCC, and PtNIMn@NPCC wereEDS elemental analysis, XP§ufes S&543, and Raman
synthesized byrst introducing the dérent metal ions into spectroscopy-{gure S36enerated a similar structural picture
the tannic acid shell of ZIF-8/Pt@MA composites. O the PtNiFe@NPCC analogue: these materials comprise
Microscopy images and EDS spectra of the composite mateéRyed trimetallic nanoparticles embedded in the walls of
were consistent with their anticipated composifiabte (S} hollow nitrogen-doped carbon capsuféguie fSr and
ZIF-8/Pt@NiCo-TA Figures S3 and S89,dZIF-8/Pt@ Figures SE521, S28526.
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Nitrogen adsorption isotherms of the supported trimetalliat 77 K, are 680 and 702g, respectivelyr{gure B). Pore
nanoparticles were measured at 77 K. The isotherms showetka distribution plots derived from these adsorption isotherms
sharp uptake of,Mt low relative pressuf P, < 0.1) and a  show hierarchical features similar to those seen in the trimetallic
gradual increase at higher relative pressurd?(@,1<<0.95), analogues(gure S32
indicating the existence of both micro- and mesopoye (

4). The pronounced hysteresis loops observed toward higliét

Improvements to the eiency of the electrocatalytic splitting
of water to produce hydrogen and oxygen will propel this
technolo3gg/ toward implementation in sustainable energy
deviced* The coupling of the HER and OER by so-called
bifunctional catalysts is an attractive route to thi§>goal.
Platinum nanomaterials often show excellent activities for HER
but very low activity for OER."*%2® Oxides of iridium and
ruthenium are the most prominent electrocatalysts for the
OER?*3%®2 The major downsides of these benchmark
catalysts are their price and lack of stability at high anodic
potentials. This limits thepracticality for large-scale
applications. To overcome these drawbacks, while maintaining
or improving catalytic activity, the investigation of multimetallic
catalysts that combine noble metals with inexpensive non-noble
Figure 4. N adsorption (lled symbols) and desorption (open metals such as alloys or cBehell structureshas been

. . . 49 .
symbols) isotherms of selected single- and multicomponent metaSNoWn to hold sigriant promise>"" The exceptional
nanoparticles supported on hollow carbon capsules measured at 7¢lectrocatalytic activity of multicomponent metal nanoparticle
K. catalysts has been ascribed to synergestits among their

components, which elevates their electrocatalytic activity above
that of their single-component analofues.

pressures imply that the larger mesopores have semiclosed, irk-this light, the synthetic methodology presented herein
bottle shapes. The calculated BruB&imemetsTeller 0 ers an avenue to the idecdition and optimization of
(BET) surface areas of these materials fall in the rangeocaftalysts. Rather than attempting to preselect catalysts in
650750 nmt g°* (Table ). Pore size distributions, calculated advance and/or synthesizing them in a serial fashion, diverse
from the experimental isotherms based on a density functiolifalaries of electrocatalysts can be produced in a combinatorial
theory model, comrm the hierarchical pore structure with the fashion. High-performance members of this library can
void diameters clustered around 10 and BBjdr¢ S32The subsequently be ideeti by high-throughput testing. As
excellent textural characteristics of these materials underspavef of concept, we conducted a series of experiments to
their promise for applications such as catalysis, which relyamsess the electrocatalytic performance and stability of the
rapid mass transport through the support material to the activellticomponent nanoparticles described above. We anticipated
nanoparticle sites. that the carbon capsules would confer acsignbend to

Inspired by this success, we sought to extend thise MMNP catalysts as their nitrogen doping, electrical
methodology to the preparation of suppoméimetallic  conductivity, porosity, and hollow morphology should facilitate
NPs. This was achieved by incorporating a combination adcess of the substrates and electrons to the cataff/fic’sites.
either (a) nickel(ll)/copper(Il)/iron(lll) or (b) nickel(Il)/ Furthermore, the capsules serve to localize and protect the
copper(Il)/terbium(lll) into the tannic acid coordination nanoparticles, which would otherwise be prone to sintering or
polymer shell layer of the composite prior to thermolysigaggregating.
This produced ZIF-8/Pt@NiCuFe-TA and ZIF-8/Pt@Ni- We tested the electrocatalytic HER performance of all
CuTb-TA. The presence of the expected set of metabaterials using a rotating disk electrode at 1600 rpm in 1.0 M
components was comed by EDSHigure S1)1 KOH. Commercial Pt on carbon (20% Pt) was measured as a

The subsequent pyrolysis of these composites undesmparison. The results are summariZexbia 2andFigure
reducing conditions resulted in the formation tetrametallic The foremost conclusion from these results is that the
alloyed nanoparticles (either PtNiCuFe or PtNiCuTb), asomposition of the supported MMNPs dictates their catalytic
revealed by electron microscopy, TEM, HRTEM, STEMbility, which underscores the utility of our synthetic method-
mapping, SAED, and EDS. The TEM images and associabémhy to generate diverse libraries. The supported PtNiCu and
EDS line scans demonstrate that the MMNPs have unifofdiNiCuFe MMNP alloys are comparable in performance to Pt-
diameters that averagé3 nm and that the components are only nanoparticles and to commercial Pt/C. This iscsighi
uniformly alloyedHigure 5andFigures S27, S28, and)S30 because the Pt content of the PtNiCu and PtNiCuFe is low
HRTEM images of individual nanoparticles reveal lattice fringésble ). On the other hand, PtNi, PtNiFe, PtNiMn, and
with an interplanar distance of around 2.16 A (PtNiCuFe) arftNiCuTb nanoparticles are poor catalysts, as indicated by their
2.15 A (PtNiCuTb) Figure S97 As observed for the ternary high overpotentials (>50 mV). Tafel plots indicate that while
nanoparticles, PXRD patterns are consistent with thaectron transfer rates measured for the new materials do not
guaternary nanopatrticles retaining the fcc lattice of the PtNBrpass that of commercial Pt/C, Pt@NPCC, PtNiCU@NPCC,
seeds, but with shorter internuclear distances arising from #mel PtNiCuFe@NPCC are all kinetically compétantré
smaller average size of the constituent ataynse(8). 7). Furthermore, Pt@NPCC (233 mV), PtNiCu@NPCC (258

The BET surface areas of PtNiCuFe@NPCC andV), and PtNiCuFe@NPCC (278 mV) demonstrate very low
PtNiCuTb@NPCC, calculated fromadsorption isotherms overpotentials at high current densities (106mw\ which
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Figure 5. (a) TEM image of PtNiCUTb@NPCCSfh STEM image and elemental mapping of PtNiCuTb@NPCC. (g) SAED pattern of
PtNiICuTb@NPCC. (h,i) STEM image and linear distributions of Pt, Ni, Cu, and Th along the arrow line on h. (j) TEM image of PtNiCuFe@
NPCC. (Ko0) STEM image and elemental mapping of PtINiCuFe@NPCC. (p) SAED pattern of PtNiCuFe@NPCC. (q,r) STEM image and
linear distributions of Pt, Ni, Cu, and Fe along the arrow line on q.

Figure 6. (a) PXRD patterns of the carbon-supported quaternary MMNPs. (b) Thadsdrption (lled symbols) and desorption (open
symbols) isotherms measured at 77 K.
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Table 2. Summary of the HER and OER Activities of Selected Electrocatalysts Containing Monometallic and Multicomponent
Metal Nanoparticles

Catalyst HER@10 mA HER Tafel slofre OER @10 mR OER Tafel slofe
Ni@NPCC 298 150 380 512
Pt@NPCC 30 63 410 149
PtNI@NPCC 118 72 380 94
PtNiIFe@NPCC 83 68 330 79
PtNiCo@NPCC 69 64 370 99
PtNiITb@NPCC 126 97 380 144
PINICU@NPCC 38 65 350 131
PINIMN@NPCC 90 87 380 152
PtNiCuFe@NPCC 40 63 300 148
PtNiICuTh@NPCC 82 96 340 147
commercial Pt/C 30 44 560 n/d
RuG n/d n/d 270 63

3HER @10 mA cii? = the overpotential in mV for the hydrogen evolution reaction at a current density of2PmAnsdet. “OER @
10 mA cm? = the overpotential in mV for the oxygen evolution reaction at a current density of 0 mA cm

Figure 7. (a) HER polarization curves of selected catalysts-$mthated 1.0 M KOH solution (scan rate = 5 m¥ motation rate = 1600
rpm). (b) Selected HER Tafel plots calculated from polarization curves. All overpotentials are giveniRvitbogction.

Figure 8. (a) OER polarization curves of selected catalystg-$atNated 1.0 M KOH solution (scan rate =5 niY eotation rate = 1600
rpm). (b) Selected OER Tafel plots calculated from polarization curves. All overpotentials are giveniRvithoaction.

meets the requirements for electrolysis under practioarying degrees of catalyticiency Figure 8&andTable .
operating conditions. The activity of all these catalysts wa®m our library of new materials, the Pt, Ni, and PtNi
retained after cycle testing 5000 tifagsie S43con rming nanoparticles were found to be poor OER catalysts. On the
their durability. The catalytic ability of the high-performanaather hand, ternary and quaternary MMNPs are nectéeve,
materials identd by our approach is on par with the bestand we idented alloyed PtNiFe and PtNiCuFe MMNPs as
HER catalysts previously reported in the literdtaipée(SP outstanding catalysts. Their low platinum loadings have positive
The OER performance of the newly synthesized materiédsplications for the development of economical water splitting
was evaluated in 1.0 M KOH solution with the same electrodatalysts. The overpotential to deliver an anodic current density
con guration as that used for the HER. CommerciahMagO  of 10 mAcnv? for PtNiCuFe@NPCC is only about 300 mV,
measured as a point of comparison. Linear sweep voltammaetinych is the highest among the materials reported herein and
experiments showed that the supported nanoparticles exhilminparable with the best catalysts reported for this reaction
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(Table SB The benchmark material R@Rhibited a value of NPCC, and PtNiCuFe@NPCC were prepared using the same
270 mV (correlated to the potential of 1.53 V) under the sanfiotocol. _ _
experimental conditions. Tafel plots indicate that PtNiFe@Electrochemical Studies. The HER and OER tests were

; ; Fafer performed with a PINE electrochemical analyzer (AFMSRCE
_ll\_lgéllglzmedlates arapid rate of electron ira ¢ tand Electrode Rotator WaveDriver 20 bipotentiostat/galvanostat system,

USA) in 1 M KOH electrolyte gNich) at room temperature. All
Taken together, these results demonstrate that our methgk.rochemical measurements were conducted in a standard three-
ology for synthesizing diverse libraries of supported MMNEgctrode system with a platinum counter electrode and Ag/AgCl (3.5
enables the rapid idewtition of e cient electrocatalysts. The M KClI) reference electrode. A glassy carbon rotating disk electrode
most important aspect of our work is thetthis strategy (5.0 mm in diameter, 0.196 %crRINE, USA) supported the as-
outstanding candidates will potentially emerge for any desisydthesized materials to serve as the working electrode with a rotation
application. We are now focusing on extending our synthe3eed of 1600 rom. Five milligrams of sample was dispersed in 1.1 mL
protocol to further diversify MMNP libraries, as well as exertig§ethanol and 100 of deionized water (containing 1D®f 5.0 wt

control over the ratio of the individual components in eaclf Naon) solution under ultrasonic agitation to form an electro-
example catalyst ink. The ink was dropped onto the surface of the precleaned

rotating disk working electrode and dried at room temperature. The
catalyst loading was determined to be 0.1 YA¢based on the total
CONCLUSION mass of catalyst). Commercial Rldoading 0.8 mg) and

In summary, we have developed a powerful strategy for tteenmercial Pt/C (0.1 mg total mass, 20 wt % Pt) were prepared as
synthesis of multicomponent metal nanoparticles embeddedc@kplysts using the same method for the purposes of comparison.
porous carbon supports. Given the ready availability of Egéng-term stability tests for catalysts were conducted over 5000 cycles

precursor materials, this methodology is potentially scalabl ¥8:neasunng polarization curves with the linear sweep voltammetry

bulk quantities. Crucially, the assembly of the MMN
constituents in nanostrpctured precursor composites s SOCIATED CONTENT
presses phase segregation at the nanoscale to produce allpye i :
particles. The ability to prepare libraries of nanoparticles in tﬁis Supporting Information )

way has parallels with combinatorial synthesis methobide Supporting Information is available free of charge on the
emp'oyed in Organic synthesis_ Extending this ana'ogy’ tﬁ%s Publications websteDOI: 10.1021/acsnano.8b01022
strategy bypasses the demanding challenge of identifying high- Additional experimental details and characterization data
performance materials for a target applidatiadvancef (PXRD, SEM, TEM, EDS, STEM, line scans, N
their synthesis. Instead, an array of multicomponent nano- adsorption/desorption analysis, pore size distribution
particles can be produced by this synthetic method and calculations, XPS, Raman and FTIR spectra, and
subsequently screened against a performance assay to identify electrochemical related curves and calculaB@i3) (

the elite nanoparticle compositions. In addition to driving

forward the eld of catalysis, this approach mag AUTHOR INFORMATION
applications in plasmonics, medicine, and biological imagingbrrespond'ng Authors
| u

nigue.

EXPERIMENTAL SECTION *E-mail:zhj@fjirsm.ac.cn

* il
Full experimental details are included iStip@orting Information *E-ma!l:paul.kruger@canterbury.ac.nz
Synthesis of the ZIF-8/Pt@K-TA Composite. The ZIF-8/Pt@K- - E-mail:sgma@usf.edu
TA composite was prepared following our previously reportéd=-mail:s.telfer@massey.ac.nz
proceduré® ORCID

Synthesis of ZIF-8/Pt@Ni-TA, ZIF-8/Pt@NiM -TA (M = Co, AAN5.9793.
Cu, Mn, Fe, Th), and Related Composites. For ZIF-8/Pt@Ni-TA Thomas Nanmpoo-0002-2723-6553

synthesis, ZIF-8/Pt@K-TA was soaked in a methanolic solution (38N Zhangpoo-0003-3373-9621

mL) of Ni(NO;),-6H,0O (600 mg). After being stirred for 2 h, the Paul E. Krugero0-0003-4847-6780
ZIF-8@Ni-TA solid was collected by centrifugation, washed seve&ienggian Man00-0002-1897-7069

times with methanol, and dried overnight under vacuum. Yield: 2 i B )

mg. For ZIF-8/Pt@NiCo-TA synthesis, a similar synthetic route Wégg]ane G. Telfer00-0003-1596-6652

employed, only changing Ni(j&6H,0 to a Ni(NOy),-6H,0 (600 Notes ) o
mg)/Co(NO5),-6H,0 (50 mg) mixture. Other materials were The authors declare no competim@ncial interest.
obtainedvia a similar synthetic route. ZIF-8/Pt@NiCu-TA: Ni-

(NO3),-6H,0 (600 mg)/Cu(NQ),-6H,O (5 mg); ZIF-8/Pt@NiMn- ACKNOWLEDGMENTS

TA: NI(NO3)6H,0 (600 mg)/Mn(NQ)4H,0 (30 mg); ZIF-8/ We gratefully acknowledge the MacDiarmid Institute for

Pt@NiFe-TA: Ni(NG,-6H,O (600 mg)/Fe(NQ),-9H,O (5 mg); . . .
ZIF-8/Pt@NiTb-TA: Nzi(Né)z-GHZO (600 mg)/sz(NQZ)Z-SHZO G nancial support, particularly the postdoctoral fellowship to

mg); ZIF-8/Pt@NiCuTb-TA: Ni(N§,-6H,0 (600 mg)/Cu(NQ),- H.Y. We thank Jordan Taylor, Niki Minards, and Dr. Yusuf
6H,0 (5 mg)/Tb(NO,),-5H,0 (5 mg); and ZIF-8/Pt@NiCuFe-TA: Emirov for expert assistance with the microscopy measure-
Ni(NOy),-6H,O (600 mg)/Cu(NQ),-6H,0 (5 mg)/Fe(NQ;), ments, Haidee Dykstra and Associate Prof. Mark Waterland for
9H;0 (5 mg). kindly recording the Raman spectra, Dr. Kia Williams for
Synthesis of PtNI@NPCC, PtNiFe@NPCC, PtNiCuFe@NPCC, technical assistance, and Dr. Tian-You Zhou for help with

and Related Composites. ZIF-8/Pt@Ni-TA was transferred into a phics

ceramic crucible, placed in a furnace under a dry hydrogen (4001%’)a '

argon (60%)ow, and heated from room temperature t6@@¥er

a period of 3 h. After the target temperature was reached, the sanﬁiﬁgERENCES

was heated for a further 3 h at 900and then cooled to room (1) Liu, H.; Nosheen, F.; Wang, X. Noble Metal Alloy Complex
temperature to give PINiI@NPCC. PtNIiCo@NPCC, PtNiCu@NPCQ\anostructures: Controllable Synthesis And Their Electrochemical
PtNIMN@NPCC, PtNiFe@NPCC, PtNiTh@NPCC, PtNiCuTb@ PropertyChem. Soc. R2®15 44, 30563078.
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