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Atomically dispersed metal catalysts anchored on nitrogen-

doped (N-doped) carbons demand attention due to their superior catalytic
activity relative to that of metal nanoparticle catalysts in energy storage an
conversion processes. Herein, we introduce a simple and versatile strateg pyrolysis
the synthesis of hollow N-doped carbon capsules that contain one or mo

atomically dispersed metals (denoted asNMi N, C and H M™ N, C, o

respectively, where M = Fe, Co, or Ni). This method utilizes the pyrolysis. e comosites

nanostructured coreshell precursors produced by coating a zeolitic

imidazolate framework core with a metédnnic acid (M TA) coordination metalonon aitos anchored on
polymer shell (containing up to three ddrent metal cations). Pyrolysis of N-doped carbon capsules

these coreshell precursors ards hollow N-doped carbon capsules

containing monometal sitee(g. Fe N,, CoN,, or Ni N,) or multimetal sites (Fe/CoN,, Fe/Ni N,, Co/Ni N,, or
Fe/Co/Ni N,). This inventory allowed exploration of the relationship between catalyst composition and electrochemit
activity for the oxygen reduction reaction (ORR) in acidic solution.A¢ N, C,H Co N, C,H FeCo N, C, H

FeNi N, C, and H FeCoNi N, C were particularly ecient ORR catalysts in acidic solution. Furthermore, the H
Fe N, C catalyst exhibited outstanding initial performance when applied as a cathode material in a proton excha
membrane fuel cell. The synthetic methodology introduced here thus provides a convenient route for developing n
generation catalysts based on earth-abundant components.

metal organic framework, metdtogencarbon, metal single atoms, electrocatalysts, fuel cell

arbon-based materiatel widespread applications in April 15, 2019
catalysis due to their low cost, electrical conductivity: June 19, 2019
originating from partial graphitization, and tunable June 19, 2019
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networks of pores and channels which impart highcspeciN, C catalysts and electrocatalysts for a diversity of
surface areas. Among the various types of carbon materialsapplications.

available for catalytic reactions, hollow porous carbon capsuleghe preparation of these hollow N-doped carbon capsule-
(HPCs) are particularly desirable due to their uniform sizéyased materials, rich with nitrogen-coordinated metal sites and
shape, and large interior galleries which can be accessed thraaghedHM N, CorH M™* N, C, involves a three-step
porous walls, which collectively act to increase the availabilitypwbcessKigure ). First, ZIF-8 nanocrystals were synthesized
active sites for electron transfer reactions and accelerate mass

transfer grocesses that might otherwise limit catalyti

e ciency?® ° a’ér.ﬁlfia'irﬂ?lg
Recently, porous carbon materials decorated with atomice

dispersed metatitrogen (M N,) moieties have emerged as

high-performance electrocatalytic mat&tialsThese cata- 2IF 8@M-TA foute A
lysts typically consist of metal cations coordinated by nitrogen core’shel| Composite mono-metal-nitrogen sites
porphyrin-like sites anchored on N-doped porous carbo ol on N:°Ped |

_ i h K+ ollow carbon capsules
supports. Such N-doped carbon supports frequently compr| %fhi?ﬁgﬁgmn« M (M)

stacked two-dimensional (2D) graphene-like sheets. Tt
nitrogen coordination environment about “Biagle metal
atoms prevents the metals from aggregating into larger cluste KOH/

tannic acid

Pyrolysis and
acid leaching

and nanoparticles. The highly exposed metal sitds,\M ] v
allow 100% utilization of the active metal in catalytic process
thus explaining the superior catalyticiencies of MN, C ZIF.8 ZIF S@K-TA N-doped
catalysts over traditional metal nanoparticle catalysts in menanocrystal core-shell composite hollow carbon capsules
reactions” " Among M N, C catalysts, nonprecious metal exchange of K- (NPCC)
containing FeN, C and Co N, C have been the most with multiple | 1V
widely studied due to their potentlal to replace precious met
catalysts in many electrocatalytic reacttotsitrogen doping
of carbon is thus crucial for metal binding and the creation « Z{’,ﬁ'}’j;i,f‘l',‘,g
atomically dispersed metal sites, while also enhancing 1
conductivity and hydrophilicity of carbon electrocatalysts fc
application in aqueous media:’ 2IF 8@Mm.TA Route B

An e ective strategy for fabricatinglN} C materials is to core-shell composite multi-metal-nitrogen sites
pyrolyze organic precursors rich in both carbon and nitroge on N-doped

hollow carbon capsules

together with an earth-abundant metal source. Tradition

H-Mmix-N_-C
synthetic methods toward M, C catalysts empl metal ( :
precursors mixed with polymers and organic com Figure 1. Schematic of the various routes to hollow N-doped carbon-
or graphenéO graphene oxidé*? carbon nitridé> embedded nitrogen-coordinated metal catalysts ¥H N, or H

carbon nanotub&s.In several recent notable contrlbutlons M N,).

the thermal decomposition of metabanic frameworks

(MOFs) or secondary metal-doped MOFs has been shown tnd subsequently coated with a thin layer of a potatsimin

produce CoN, C/°°° Fe N, C>' ®® and FeCoN, acid coordination polymer to give ZIF-8@K (step I)** **

Co3 63 catalysts. Although these methods are elegant, geneFak subsequent exchange of the potassium ions by single metal

synthetic routes to families of M, C materials with tunable ions or simultaneously with multiple metal ions was designed to

M N, centers and hollow structure featuresMHN, C) produce coreshell ZIF-8@MTA or ZIF-8@M"™ TA

remain rare. This scarcity stems from the fact that the formaticomposites (steps Il and IV,"™¥= a mixture of several

of N-doped carbons with good electrical conductivity oftedi erent metal ions). Following pyrolysis and then an acid

demands high temperaturssnultaneously causing the washing step, the metal cations are coordinated by nitrogen

undesirable reduction of metal cations to their metallic statéonors and uniformly dispersed in the walls of the hollow carbon

followed by aggregation to form nanopatrticles, together with tikapsules create pyrolysis of the organic components (step

collapse of the hollow carbon matrices. [ll/route A; step V/route B). We then systematically examined
We recently pioneered a method to synthesieéy the performance of all these materials as electrocatalysts for the

dispersed metal catalysts on hollow N-doped porous carborygen reduction reaction (ORR) in acidic solution. Many of

capsules (NPCCs). This involved the pyrolysis of compositéise as-prepared catalysts exhibited respectable reduction activity
comprising zeolitic imidazolate framework (ZIF) crystals coateyidenced by high onset potentials, high half-wave potentials,

with a metaltannic acid (M TA) coordination polymét. *3 and high current densities in acidic media. THeeHN, C

By this approach, the metal components of the tannic acitalyst oered superior performance as a cathode material

coordination polymer were transformed into uniformlywhen tested in an acidic proton exchange membrane fuel cell

dispersed metal nanoparticles on a N-doped carbon suppdREMFC), demonstrating an excellent an open-circuit voltage

In the current work, we sought to adapt this methodology t@s well as high current and power densities.

produce hollow N-doped carbon capsules supddimigally

disperseée N,, CoN, or Ni N, sites (as well as multimetal RESULTS AND DISCUSSION

sites, Fe/CoN,, Fe/Ni N,, Co/Ni N,, or Fe/Co/Ni N,). Synthesis and Characterization of the HM N, C
This approach proved successfugriog a versatile and and H M™ N, C Catalysts.To implement the protocol
e ective synthetic strategy toward high-performanbe H illustrated irfFigure 1we rst prepared ZIF-8 nanocrystals and
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Figure 2. (a) TEM image. (bd) BF-STEM image and corresponding element maps showing the distribution of C, N, and Fe. (e) HAADF-
STEMimage of HFe N, C. Single Fe atoms are indicated by red circles. (f) Size distribution of the small spots in panel (e). (g) TEM image.
(h j) BF-STEM image and corresponding element maps showing the distribution of C, N, and Co. (k) Atomic-resolution HAADF-STEM
image of H Co N, C. Single Co atoms are highlighted by red circles. (I) Size distribution of the small spots in panel (k).

then deposited a potassiuannic acid (K TA) coordination was largely avoided here due to the low metal loadings (<2 wt
polymer on their surface to deliver a cehell ZIF-8@KTA %).

composite (step i) ** Here, the abundant hydroxyl and We now focus on HFe N, C as an example to give a
galloyl groups of tannic acid coordinate potassium cations detailed structural description of this family of materials.
create a surface-bound network. The potassium cations in ZBeanning electron microscopy (SEM) and transmission electron
8@K TA were subsequently exchanged for transition metaticroscopy (TEM) images revealed thatFel N, C
cations through immersion in a methanolic solution containingossessed a hollow capsule-like morphology, and its surface
the desired metal as a dissolved salt. When a single transiti@eomes much rougher following the pyrolysis treatment
metal salt was used, this postsynthetic cation exchange produé¢édure a andFigures S6 and §1Although they would be
ZIF-8@M TA with Fe(lll), Co(ll), and Ni(ll) (step II, route readily apparent by these huels, no crystalline iron

A). After pyrolysis under a &imosphere, followed sequentially nanoparticles were observed by TEMure 2a) or powder

by acid leaching and an additional pyrolysis treatment, théray diraction (PXRD) Figure SB This provides the
organic components of ZIF-8@M transform into hollow  signi cant evidence that the iron has deposited in single-atom
N-doped porous carbon capsules. The zinc(ll) ions of the ZIBites rather than aggregating into larger assemblies. This was
disappear from the material due to reduction to zero-valent zinon rmed by brighteld scanning transmission electron
and subsequent evaporation? Meanwhile, the transition microscopy (BF-STEM), where Fe and N are shown to be
metal ions in the tannic acid layer remain strongly coordinatechiformly distributed throughout the capsule viradisie b

by nitrogen, arding isolated metal cation sites anchored on thel). We further carried out atomic-resolution high-angle annular
capsule walls (step Ill, route A). Thesal materials are dark- eld scanning transmission electron microscopy (HAADF-
denoted hereinas 1 N, C, M =Fe, Co, or Ni. Reduction STEM) with the aim of precisely locating the atomically
of the metal cations to the metallic state during the pyrolysis stdfgpersed metals. Numerous bright spots were édenti
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Table 1. Summary of the Elemental Compositions of the As-Synthesized Catalysts

material precursor Fe wt %
H Fe N, C ZIF-8@FeTA 1.27
H Co N, C ZIF-8@CoTA n/a
H Ni Ny C ZIF-8@Ni TA n/a
H FeCo N, C ZIF-8@FeCoTA 0.71
H FeNi N, C ZIF-8@FeNiTA 0.68
H CoNi N, C ZIF-8@CoNi TA n/a
H FeCoNi N, C ZIF-8@FeCoNiTA 0.45

Co wt % Ni wt %
n/a n/a
1.8 n/a
n/a 1.4
0.44 n/a
n/a 0.35
0.54 0.38
0.36 0.4

®n/a = not applicable. Metal and nitrogen content determined by ICP-AES and element analysis, respectively.

N wt %

7.78
11.41
8.93
11.36
13.37
10.86
12.76

Figure 3. (a) XANES spectra. (b,c) Fe K-edge Fourier transform (FT) EXAFS spectrdef N, C together with various Fe standards. (d)
XANES spectra. (e,f) Co K-edge (FT) EXAFS spectradfbl N, Ctogether with various Co standards. (§Fe, Co, and NiL-edge XANES
spectra of dierent materials: iron(l11)-(4-methoxycarbonylphenyl)porphyrin (FeTmcpp); cobalt(ll)-(4-methoxycarbonylphenyl)porphyrin
(CoTmcpp); nickel(ll)-(4-methoxycarbonylphenyl)porphyrin (NiTmcpp); iron(ll)-tetraphenyl porphyrin (FeTpp); nickel(ll)-tetraphenyl
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marked with red cycleskigure 2,f, which correspond to the spectroscopy (ICP-AES) and elemental analysis (EA), respec-

heavier iron atoms. The broad signals observed in the PXRiely (Table ).

pattern of HFe N, C at around 25 and 44Figure SB

XPS spectra of HFe N, C revealed iron, carbon, and

result from graphitic features of the carbon support. The sarfirogen igure S30 The N 1s XPS spectrum could hed

features also appeared in the PXRD pattern of the hollow NPCY
sample i(e, the related metal-free material derived from
pyrolysis of ZIF-8@KI'A). The Raman spectrum of Re

N, C exhibited D (1350 c) and G (1590 cnt) bands

typical of a semigraphitic carbig(ire S20 On this basis, the
carbon capsules were expected tr @ood electrical
conductivity, as is required forcent electrocatalysis. H

revealed by inductively coupled plasma atomic emissiaetected.

8090
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four components located at 398.3 eV (pyridinic-N), 399.2 eV
(pyrrolic-N), 401.1 eV (graphitic-N), and 404.5 eV (quaternary-
N). These nitrogen atoms are doped into the carbon support.
Because pyridinic and pyrrolic nitrogen atoms can act as donors
to iron ionsviacoordination bonds, these observations suggest
that Fe occupies sites in the carbon lattice that bear some
similarity to molecular species such as iron porpHyritidn
the Fe 2p region, the XPS spectrum shows clear signals
Fe N, C contains 1.2 wt % iron and 8.4 wt % nitrogen, asttributed to both iron(ll) and iron(ll1). Metallic iron was not

ACS Nan@019, 13, 80878098
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Figure 45"Fe Massbauer spectra of (a) HFe N, C, (b)) H FeCo N, C, and (c) H FeCoNi N, C.

X-ray absorption spectroscopy (XAS) was applied to proli&runauerEmmett Teller (BET) spect surface area for the
the electronic structure of the iron sites ifrel N, C. Fefail, sample, determined from an isotherm measured aEiglke(
Fe;03;, FeOOH, and FeTmcpp (iron-(4- 5) was 917 fg ! (Table . The isotherm showed rapig N
methoxycarbonylphenyl)porphyrin) were also analyzed as
points of comparisonFigure & c). Normalized X-ray
absorption near-edge structure (XANES) spectra established 5004
that the Fe K-edge absorption edge ¢f¢iN, C is situated
close to that of FeTmcpp, which corroborates the conclusion
obtained from XPS that the iron sites ifFd N, C comprise
positively charged iron catiomdg(re a). Extended X-ray
absorption ne structure (EXAFS) analyses enabled deeper
investigation of the Fe coordination environment. Markedly
di erentoscillations were observed fdfél N, C compared
to the iron foil, F&®,, and FeOOH referencdsidure B,c).

N w
[= o
o o
1 1

m H-Fe-N -C
e H-Co-N-C
The oscillations of H-e N, C at lowk are similar to those of 1°°] A H-FeCo-N-C

Va (STP)icm®lg

the FeTmcpp standard, which is again consistent with the
presence of porphyrin-like sites inAd N, C. Similar to . T ——— T
FeTmcpp, HFe N, C displays a single well-resolved peak at 00 02 04,.06 08 10
1.5 AinRspace, which implies an Rg scattering path. Fitting 0
the EXAFS data to FBl, species with the iron centers being rigyre 5. Ny adsorption (lled symbols) and desorption (open
coordinated by approximately four nitrogen donors with agymbols) isotherms measured at 77 K for selected single metal and
average FeN bond length of 1.972 A was successfglife multi metal catalysts.
S37 and Table pThe Fe L-edge XANES spectrum ofFd
N, Cisdominated by distinct sets of peaks ranging from 705 tgptake at low relative pressié> < 0.1), followed by a more
712 eV (lyregion, 2y, 3d) and 718 to 726 eV {legion, gradual increase at pressures between B.P,< 0.95,
2py,  3d), which provide further evidence that Fe is presentifhdicating the existence of both micro- and mesopayes(
mixed states (Feand F&") (Figure 8). 5). The pore size distribution was calculated using a DFT model.
To .fUrth.er prObe the structure and electronic states of the F'ﬂ]e ana]yses verd that the Samp|es had a hierarchical pore

species in HFe N, C, we conducted’Fe Massbauer  srycture, with void diameters clustered around 15 and 27 A
spectroscopy measurements. The spectrum obtained from HiFigure S26
Fe N, C can betted with three doubletsigure 4). b and On the basis of complementary experimental techniques, we
D, can readily _be _a55|_gned o porph_yrln-hke Square-plan&gndude that HFe N, C comprises iron cations in the 2+
Fe(ll) N, coordmat!\(}g sites with Fe(ll) in low- and medium- 54 3. oxidation states coordinated by approximately four
tsé)lg Slilatgg’(’“rgsze(g s?fé ES n grltz\(,jv-ksjpmdztr?stﬁ 'Sfﬁﬁi't?(?r?; nitrogen atoms. These porphyrin-like sites are dispersed in the
theory (DFT) caflculétioﬁé% 8pThese d)é)ublets );re a well- walls of hollow N-doped carbon capsules. The matrix has an

' electrically conductive and highly accessible surface area and a

known signature of active ORR sites iNizeC catalysts. In twork of large pores. This range of characteristics is attractive
addition to the three doublets, the presence of a minor sexl%? gep X 9

suggests the presence of a very small amouReddr iron rom the viewpoint of electrocatalysis as the material presents all
carbide in the HFe N, C sample (the observation of very of its iron sites in a manner that is accessible to incoming small-
X

small metallic Fe clusters is not totally unexpected here given fRglecule substrates. Both mass transfer and electron transfer are

high pyrolysis temperature of 90@ised to synthesize Ae envisaged to be viable. Given these attractive features, we

N, C.Atsuchtemperatures, coordinating N is also slowly beiPlored the wider scope of this synthetic approach and its

lost from the N-doped carbons support). The coexistence @pplicability to the fabrication of other catalysts containing

Fe N, sites with Fe/R€ has been demonstrated to improve isolated M N, active sites.

ORR performandd. However, porous carbon supports H Co N, CandH Ni N, C were synthesized using a

containing only Fe and/or J&2nanocrystals exhibit very low method similar to that used to prepare=el N, C, except

ORR activities. that cobalt and nickel ions, respectively, were introduced into
Nitrogen adsorptiordesorption isotherms allowed the the tannic acid (MTA) shell of ZIF-B@MTA composites.

accessible porosity of He N, C to be probed. The Electron microscopyimages and EDS spectra@ar HN, C

ot H-FeCoNi-N_-C

8091 DOI:10.1021/acsnano.9b02930
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Table 2. Summary of the Surface Areas, Pore Volumes (at 0.95 bar), and ORR Activities of Selected Elecffocatalysts

BET surface area pore volume onset potential half-wave potential current density at 0.8 V
material (m2g Y (cm*g Y (V vsRHE) (V vsRHE) (VvSRHE mA cn?)

H Fe N, C 917 0.611 0.950 0.77 1.68
H Co N, C 1033 0.671 0.885 0.74 0.52
H Ni N, C 968 0.655 0.782 0.44 0

H FeCoN, C 962 0.630 0.943 0.75 1.06
H FeNi N, C 887 0.594 0.913 0.75 0.93
H CoNi N, C 950 0.650 0.876 0.73 0.28
H FeCoNi N, C 919 0.618 0.901 0.74 0.56
NPCC 1152 0.938 0.793 0.45 0

Pt/C (30% of Pt) n/d n/d 1.0 0.83 3.6

®n/d = not determined.

and H Ni N, C were consistent with their nominal (Figure & f)indicate thatthe Fe/Co elements were uniformly
compositions: ZIF-8@C®A (Figure Sy and ZIF-8@Ni distributed over the sample, suggesting that Fe/Co were able to
TA (Figure SB A subsequent pyrolysis step at high temperatureoexist in atomically dispersed form. The atomic-resolution
(900°C), acid washing, and a second pyrolysis step resultedHAADF-STEM image of HreCo N, C further veried the
the formation of HCo N, CorH Ni N, C. The PXRD presence of atomically dispersed Fefimgen-doped active
(Figure SB SEM (Figures S14 and 9,1and TEM Figures @ sites Figure §). To probe the electronic structure of the
andS2) images commed that the capsules are hollow and noatomically dispersed Fe/Co, XANES and EXAFS measurements
visible crystalline metal particles exist. BF-STEM and EDdere performed. Fe K-edge and L-edge XANES spectra of H
mapping FiguresB jandS2) showed thatthe C, N, and Co FeCo N, C closely resembled data for FeTmcpp arkeeH
or Ni atoms are dispersed uniformly throughout the capsulds, C, whereas the Co K-edge and L-edge data fee€b
XPS indicated that no cobalt or nickel nanocrystals were preséht C closely matched data for CoTmcpp an€él N, C,
in the samples~(gures S31 and §3A&s shown in the atomic- implying that the Fe and Co atoms inf¢Co N, C carried
resolution HAADF-STEM image and size distribution panedositive charges and existed in porphyrin-like environments
(Figure R,l), the high density of Co single atoms (highlighted(Figure a,d). Further, the Fe K-edge EXAFS data for H
by red circles) on the hollow capsules implies a high loadinglééCo N, C align closely with that of He N, C and
atomically dispersed Q9, sites. The electronic structure of FeTmcpp, comming a FeN coordinationtigure B,c). The
cobalt was also probed by XAS analysis. Co K-edge XANES &ulK-edge spectra showed only one peak at about 1”4 A in
EXAFS data for HCo N, C are shown iRigures 8 fand space, attributed to a Q¥ scattering patt-{gure 8), which
S38 and closely resemble data collected for CoTmcpps again very similar to the corresponding spectraGs H
suggesting a Col, porphyrin-like environment exists in H N, C and CoTmcpp./Fe Mmssbauer data for HreCo N,
Co N, C.The XANES spectra at the Co L-edge further agai€ could be deconvoluted into three doublets and a sextet, which
found similarities between Bo N, C and CoTmcpp is again similar to data for He N, C (Figure #). The
(Figure B), with C&* being the dominant Co oxidation state doublets D1, D2, and D3 are due toRapecies. Combining
present (consistent with XPS analysgsre S31 The XAS the XAS and’Fe Mssbauer results, it can be concluded that Fe
analysisHigures BandS39 of H Ni N, C also revealed a and Co predominantly exist as isolated cations fe€b
Ni N, coordination environment and demonstrates that Ni(ll)N, C. It might be possible that some Fe or Co atoms are N-
single atoms were present il N, C. The predominance bridged together by chemical bonds, but the path length of Fe
of Ni(Il) was also commed by XPSHigure S32 N Cois too similar to that of HHe N, CandH Co N,

Inspired by the results above, we decided to explore tl@to allow conrmation of this by EXAFS analysis.
versatility of our synthetic strategy by making samples thatWe then expanded the scope of the syntheses to include H
contained two derent metals in ¥ N, sites. This was FeCo N, C analogues, in particular, FeNli C and H
achieved by retaining our general synthetic methodology aG@®Ni N, C. PXRD, SEM, TEM, STEM, EDS elemental
using combinations of (a) iron(lll)/cobalt(ll), (b) iron(lll)/  analysis, XPS, XAS, and Raman spectrostgpse (3and
nickel(ll), or (c) cobalt(ll)/nickel(ll) ions in the tannic acid Figures S17, S18, S22, S23, S29, S34, S35, S40,)and S41
coordination polymer shell layer of the composite precursoevealed a similar structural picture to that fd¢€o N, C:
(Figure 1step lll, route B). This produced ZIF-8@FeTh, these materials comprised two kinds of atomically dispersed
ZIF-8@FeNiTA, and ZIF-8@CoNITA. Microscopy and metal atoms decorating the walls of hollow N-doped carbon
EDS established that the products possessed the expeatefdsules. ICP-AES and combustion elemental analyses estab-
elemental compositiorfsigures S9S11J. lished the metal and nitrogen contents, respectively, in these

The subsequent pyrolysis, acid leaching, and second pyrolgsisipositesiable ). The BET surface areas of these materials
treatment of ZIF-8@FeC®A yielded hollow capsules with ranged from 887 to 962 * (Table 2Figure 5andFigure
embedded FeCd, sites (H FeCo N, C). SEM, EDS,and S24. Pore size distribution plots derived from the adsorption
TEM analyses veed hollow capsules comprising Fe/Co isotherms showed a hierarchical porosity similar to that seen for
nitrogen-doped carboRiures & andS1§. No large particles theH M N, C analogued={gures S25 and 326
are observed in the TEM image, which is consistent with theTo explore the limits of this synthetic approach, we then
formation of isolated metal ions rather than larger aggregatatempted the preparation of FeCoNi N, C. Thisinvolved
No metallic species were detected by XRSré S33 The incorporating a combination of iron(lll)/cobalt(ll)/nickel(Il)
HAADF-STEM and EDS elemental maps fdf¢Co N, C into the tannic acid coordination polymer shell layer of the
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Figure 6. (a) TEM image. (bf) HAADF-STEM image and
corresponding element maps examining the distribution of C, N,
Fe, and Co. (g) Atomic-resolution HAADF-STEM image of the H
FeCo N, C. Single Fe/Co atoms are highlighted by red circles. (h)
TEM image. (i n) HAADF-STEM image and element maps
showing the locations of C, N, Fe, Co, and Ni. (0) Atomic-
resolution HAADF-STEM image of HreCoNi N, C. Single Fe/
Co/Ni atoms are highlighted by red circles.

composite precursor to produce ZIF-8@FeCINi The

Co/Ni atoms in H FeCoNi N, C. As shown ifrigure 6,
Fe/Co/Ni single atoms (highlighted by red circles) at high
density were visible on the N-doped carbon support, implying a
high surface concentration of atomically dispefSed\yi(M

= Fe, Co and Ni) moieties. XAS analysis showed that iron,
cobalt, and nickel were coordinated with nitrogen atoms and
dispersed as isolated atoms ifFeICoNi N, C (Figure 3.

The electronic structures of Fe, Co, or Ni atoms Fel€oNi

N, C were similar to those of the corresponding metal
porphyrins. Thé’Fe Masbauer spectrum of HeCoNi

N, C was deconvoluted into four doubletsm), which were

all assigned to F&l species. No other iron-related phases were
observedKigure 4). The BET surface area of FeCoNi

N, C calculated from\bhysisorption data taken at 77 K was
919 ntg ! (Figure @ndTable . The corresponding pore size
distribution plot revealed hierarchical features characteristic of
theotherHM N, CandH M™ N, Canalogue$(gure

S25.

Electrocatalytic O, Reduction and Proton Exchange
Membrane Fuel Cell Performance Nitrogen-doped carbon
materials (MN, C) with embedded metalitrogen-doped
active sites, such as Rg (28293451 535770 cq N,

C%?"" and Fe Co N, C./%“attract interest as potential
alternatives for platinum catalysts in acidic proton exchange
membrane fuel cells. The ORR plays a key role in these devices.
The synthetic methodology introduced heregnsaa platform

for the development of alternative oxygen reduction catalysts.
To explore the practical potential of our approach, we
conducted a series of experiments to assess the electrocatalytic
performance of the WM N, C and H M™ N, C
materials. Werst tested their ORR performance in 0.5 M
H,SQ, using a ring rotating disk electrode (RRDE) operated at
1600 rpm. The onset and half-wave potentials and ultimate
current densities calculated from these measurements are
summarized iffable 2 The performances of He N, C,

H Co N, C,andH FeCo N, Cwere very similartothose

of a commercial Pt/C catalyst evaluated under the same
conditions and compare favorably against other high-performing
ORR electrocatalysts reported in the literafiaig€ SR The

higher onset and half-wave potentials féreHN, C are the

result of the special structure of our porous hollow capsule
catalyst, which is inherent to our synthetic methodology. The
limiting current densities of He N, C,H Co N, C, and

H FeCo N, C are larger than those of Pt/C and many other
nonprecious metal catalystsg(re @ andTable SR The
peroxide yield was used to determine the electron transfer
selectivity during ORR. e N, C, H Co N, C, H

FeCo N, C,H FeNi N, C,andH CoNi N, C showed

a very low peroxide yield of around 15%, and the electron
transfer numbers were found to fall between 3.7 and 4. These
results suggest the four-electron complete reduction of oxygen
to water was preferrad(O,+ 4H" +4e  2H,0O dominates)
(Figures B andS43. However, further studies are necessary to
establish if the ORR occurs through a single four-electron
transfer process or sequential two-electron transfer processes, as

expected metal components were found by SEM, TEM, afmve been reported by otheérS.The Tafel slopes of Hre
EDS Figure SIR Subsequent pyrolysis/acid leaching/secondN, C,H Co N, C,andH FeCo N, Care 63,65, and 73

pyrolysis treatments resulted in the formation &edoNi

mV dec?, respectively, suggesting that the rate-determining

N, C. The SEM, TEM, and HAADF-STEM images andstep in the ORR using these catalysts is the migration of

associated element mapgres B n andS19 demonstrate

adsorbed oxygenated speciagi(e S43 NPCC (no metal)

that the Fe/Co/Ni components were uniformly dispersed oveand H Ni N, C catalysts exhibited poor ORR activity,
the N-doped hollow capsules. Atomic-resolution HAADFeon rming that the CoN,, Fe N,, or FeCo N, sites were
STEM allowed visualization of the atomically dispersed Fahportant here for realizing a high ORR activity in acidic media.
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Figure 7. (a) Linear sweep voltammetry curves. (BDklyield and electron transfer numbers of selected catalysts in 0.59@Hby RRDE
tests. (c,d) V polarization and power density curves for O, PEMFC withH Fe N, C,H Co N, C,andH FeCo N, C ascathode
catalysts at 80C. (e,f) H, air PEMFC performance with H-e N, C as the cathode catalyst.

In view of the excellent electrochemical properties of theseass loadings was also investigated. The cathode with a 2 mg
alternative catalysts, we also carried out PEMFC performarme 2 loading of HFe N, C showed the highest OCV and
testsonHFe N, C,H Co N, C,and H FeCo N, C. power densityHigure S46The durability of the cell (with 2 mg
These materials were utilized as cathode materials for the oxygen?of H Fe N, C electrocatalyst) was explored by holding
reduction reaction. Polarization curves were collected 6n 5 citat a constant voltage of 0.7 V and collecting polarization curves
membrane electrode assemblies df &0d back pressures of before and after operation over a period of B@hre d). A
29.4 psia, using absolute oxygen as the gas feed to the cathgidady decay of fuel cell OCV and current density were observed.
catalysts in the fuel cells. A commercial Vulcan XC72 carbofaus, improvements in stability are required before this material
supported platinum catalyst was employed as the anode for ttam be used in real applicationsFe&l N, C also showed

H, oxidation reaction. relatively low performance ina Hir battery tesHigure €,f).
Under a catalyst loading of 2 mg %nthe open-circuit Taken together, these experimental results reveal valuable
voltages (OCV) of HFe N, C, H Co N, C, and H information about our general synthetic methodology that

FeCo N, Cinthese HO ,fuel cells were 0.85, 0.86, and 0.88involves introducing transition metal cations into a sl

V, respectively=(gure €). At a working voltage of 0.43 V, a polymer composite precursor and then pyrolysis to deliver
current density of 1.55 A chand a peak power density of 0.655 hollow metalnitrogen-doped porous carbon catalysts. These
W cm ?were achieved using afFfe N, C-based membrane catalysts provide abundant single metal sites (Fe, Co, or Ni) or a
electrode assembly (MEA), which are higher than those of tipdurality of metal sites (Fe/Co, Fe/Ni, or Fe/Co/Ni), which are
MEAs made with HCo N, C (0.103 A cn? and 0.457 W anchored on the walls of hollow nitrogen-doped porous carbon
cm?andH FeCo N, C(0.104 Acn?and 0.459 W cr). capsules created by the pyrolysis of the organic matter in the
The maximum power density of the cell constructed with H composite precursor. The metdirogen sites in these

Fe N, Cwas0.71 W crhat0.4V, far superior to the values of materials were idergd as porphyrin-like sites by various
0.63 W cn? at 0.38 V for HCo N, C and 0.6 W cn? at advanced characterization techniques. The hollow nitrogen-
0.37 V for HFeCo N, C (Figure €). These values are doped carbon matrix has an electrically conductive and highly
comparable to those of other reported ZIF-derived noble metatcessible surface area (>99@ M and a network of large

free catalysts for PEMFQOsle S The PEMFC perform-  pores. These structural features allow fieet mass transport
ance of HFe N, C-based cathodes with @lient catalyst and electron transfer. This range of characteristics is attractive
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from the viewpoint of electrocatalysis. To demonstrate the Synthesis of H M N, Cand H M™ N, C Catalysts.ZIF-
utility of our synthetic method for producing a broad library oB@Fe TA was placed in a heating zone within a tubular furnace. The
nitrogen-doped porous-carbon-supporting nnétraigen ac- pyrolysis of ZIF-8@F&A was conducted under a nitrogew and

; ; ; ; ted to 900C with a ramp rate of °C-min . The product was
:Ir:/ee Sgs% V:lr? t:;tdei((j: tr;%heFl%c; ros&éalﬁmegofﬁ?@ggﬁzltowgﬁ?ained by pyrolysis for another 3 h a@ T he black product was

. . . . then immersed in 0.5 M,BIQ, at 90°C for 12 h, followed by washin
relationship between the type of metlogen sites and it deionized water. 'X\%te?‘being dried €0 avacuum)(l)ven,thg
their electrochemical activity. This report highlights how a singi@wder was heat-treated at 80inder a Matmosphere for 3 h to
synthetic strategy can create diverse libraries of porous carlp@tain the nal product, termed He N, C. Other catalysts, H
catalysts supporting metgihgle atom catalysts. Such versa-Co N, C,H Ni N, C,H FeCoN, C, H FeNi N, C, H
tility allows the fast synthesis and screening of diver§®Ni N, C, and H FeCoNi N, C, were prepared from the
electrocatalysts for target applications. Improvements in oveg@liresponding precursor using the same protocol.
catalytic activities and stability are demanded for practical
applications, which may be iachble through judicious ASSOCIATED CONTENT
selection of the metals and relative proportions of individu&i Supporting Information

metal components in the catalysts. The Supporting Information is available free of charge on the
ACS Publications websteDOI: 10.1021/acsnano.9b02930
CONCLUSION Materials, experimental methods, and additional charac-

terization data (powder X-ray rdiction, SEM, EDS,
TEM, STEM, Raman, gas sorption analysis, pore size
distribution calculations, FTIR, XPS, XAS, and electro-
chemical related curves and calculati&s) (

In summary, we have discovered a simple and versatile synthetic
strategy for the realization of hollow porous carbon capsule-
embedded nitrogen-coordinated metal catalysts. This strategy is
applicable for the synthesis of single metal catalysts (Fe, Co, or
Ni) or multiple metal catalysts (Fe/Co, Fe/Ni, Co/Ni, or Fe/
Co/Ni) rich with atomically dispersed metal (W) active ~ AUTHOR INFORMATION

sites. The obtained Hfe N, C, H Co N, C, and H Corresponding Authors

FeCo N, C catalysts showed very respectable ORR performE-mail:g.waterhouse@auckland.ac.nz
ance in acid media, exing high onset and high half-wave *E-mail:zhj@fjirsm.ac.cn

potentials and high current densities. The=¢HN, C *E-mailhetian@zju.edu.cn

catalyst further demonstrated excellent initial activity in &E-mail:s.telfer@massey.ac.nz

proton exchange membrane fuel cell. This general synthetie-mail:sgma@usf.edu

strategy creates avenues for the rational design of highly actiyec|o
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EXPERIMENTAL METHODS Shane G. Telf@no0-0003-1596-6652

Full experimental methods are summarized inStipgorting Shenggian Man00-0002-1897-7069
Information Notes

Synthesis of ZIF-8 Nanocrystals.ZIF-8 nanocrystals were . o
synthesized by following a reported route with minutecatidns> The authors declare no competingncial interest.
For a typical experiment, 4 g of 2-methylimidazole (2-mim) wa
dissolved in 60 mL of methanol (MeOH). Next, 1.68 g of Zg(NO iCKNOWLEDGMENTS
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