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Morphology Inherence from Hollow MOF to Hollow Carbon
Polyhedron in Preparing Carbon-Based Electrocatalysts

Yuchen Pei,t® Zhiyuan Qj,7® Xinle Li,® Raghu V. Maligal-Ganesh,?® Tian-Wei Goh,® Chaoxian
Xiao,® and Wenyu Huang ?**

Hollow carbon nanostructures are emerging as advanced electrocatalysts for the oxygen reduction reaction (ORR) due to
the effective usage of active sites and the reduced dependence on expensive noble metals. Conventional preparation of
these hollow structures is achieved through templates (e.g. SiO2, CdS, and NisC), which serve to retain the void interior
during carbonization, leading to an essential template-removal procedure using hazardous acid etchants. Herein, we
demonstrate the direct carbonization of unique hollow zeolitic imidazolate frameworks (ZIFs) for the synthesis of hollow
carbon polyhedrons (HCPs) with well-defined morphology. The hollow ZIF precedent behaves bi-functionally as a carbon
source and a morphology directing agent. This method evidences the strong morphology inherence of the hollow ZIFs
during the carbonization, advancing the significant simplicity and environmental friendliness of this synthesis strategy. As-
prepared HCPs show uniform polyhedral morphology and large void interiors, which enables their superior ORR activity.
Iron can be doped into the HCPs (Fe/HCPs), rendering the Fe/HCPs with enhanced ORR property (E1/2=0.850 V) in
comparison with that of HCPs. We highlight the efficient structural engineering to transform MOF precedents into

advanced carbon nanostructures accomplishing morphological control and high electrocatalytic activity.

Introduction

Hollow carbon nanostructures have gained considerable
attention due to their high thermal stability, high surface-to-
volume ratios, promoted usability of external active sites, and
tunable compositions.l* These advantages endow hollow
carbon nanostructures with widespread applications as
heterogeneous catalysts,> electrode materials,® and selective
adsorbents for metal ions.” Of particular interest, carbon-
based nanostructures are potential cathode materials to
reduce the usage of expensive Pt catalysts for oxygen
reduction reaction (ORR) in polymer-electrolyte-membrane
fuel cells (PEMFCs).82 The hollow carbon shells feature more
easily accessible active sites due to the short diffusion length
for reactants to access the active sites in the thin shells, and
they also hold various capabilities for doping elements (e.g. Fe
and N), which are beneficial to promote ORR activity.®1011 The
conventional synthesis of hollow carbon nanostructures
usually starts from constructing a core/shell structure with

sacrificial hard templates as core materials (e.g., metal
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carbide,® quantum dots,0 silica,’2 and polystyrene!3) coated
with carbon sources such as polymerized organic molecules.
Subsequent pyrolysis can produce carbon sphere prototypes,
where the subsequent removal of the core templates by the
chemical etching is essential in most cases to afford the void
interiors. Moreover, constrained by the morphology of
sacrificial templates, the derived hollow carbon nanostructures
are mostly spherical.14 It is very challenging to prepare hollow
carbon nanostructures with controlled morphologies in a more
facile manner.1>17

Metal-organic framework (MOF) and MOF hybrids are an
emerging class of crystalline porous materials with extensive
applications.1®27 Direct carbonization of MOF precedents has
been exemplified as an ideal route to prepare porous carbon
materials.?8-31 Benefitting from high surface areas, tunable
functional groups, and controlled morphologies of the parent
MOF precedents, MOF-derived porous carbons are also highly
valued as active ORR catalysts.3238 Recently, considerable
efforts have been devoted to developing hollow carbon
nanostructures from the carbonization of MOF materials. Xu et
al. obtained hollow carbon particles via the carbonization of
AI-MIL-100 MOF, and subsequently removing the converged
Al;O3 in the resultant carbonized materials by HF etching to
induce void interiors.3® Another interesting demonstration
used a core/shell structure of zeolitic imidazolate framework
(ZIF)/organic polymer hybrids, and the hollow interiors were
generated in situ during carbonization.*®*l Among these
aforementioned strategies, the core/shell structure is essential
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in templates during carbonization to afford structural stability
to the outer shell under high temperatures. We envisioned a
direct transformation from hollow MOF precedents to hollow
carbon particles, where the MOF shells can resist the
structural collapse under the harsh carbonization conditions.
This new strategy in preparing hollow carbons is inspired by
the recent studies that MOF-derived carbons can inherit the
morphology of  their corresponding  parent MOF
precedents.3242 |n comparison to previous core/shell template
strategies, this hollow MOF to hollow carbon approach holds
advantages including the easy operation, tunable composition,
and completely avoiding hazardous etching chemicals (e.g.
HF).

Herein, we present the preparation of well-defined hollow
carbon polyhedrons (HCPs) by the direct carbonization of
hollow ZIF precedents (Scheme 1). Hollow ZIF precedents
behave bi-functionally as a carbon source and as a
morphological template to construct HCPs. Remarkably, the
prepared HCPs exhibited high ORR activity with a half-wave
potential (E12) of 0.821 V (vs. RHE) in basic conditions. We
further doped Fe and 2,2'-bipyridine in the hollow MOF
precedents. After carbonization, the Fe-doped HCPs exhibited
24% enhancement in current density compared to bare HCPs.

A

Fe
CH;O0H 800 °C

< / 120°C Ar

Core/shell Hollow HCPs or

ZIF-67/8 ZIF-67/8 Fe/HCPs

Scheme 1. The synthesis of HCPs from hollow ZIF-67/8 particles via a
direct carbonization.

Experimental

Synthesis of hollow carbon polyhedrons (HCPs)

The synthesis method was carried out by following reported
literature with modifications.*3 0.546 g Co(NOs),:6H,0, 0.558 g
Zn(NOs3),-6H,0, and 0.616 g 2-methylimidazole were dissolve
in respective 7.5, 7.5, and 15 mL methanol. Under sonication
at 45 °C, the Co-methanol solution was added into 2-
methylimidazole-methanol solution in 1 min, and the mixture
was maintained under sonication for 5 min to form a purple
suspension (ZIF-67 cores). The Zn-methanol solution was then
added into the as-formed purple suspension in 2 min and
sonicated for another 15 min. The suspension was then sealed
into a solvothermal reactor and maintained at 120 °C for 2 h to
form hollow ZIF-67/8 particles. Hollow ZIF-67/8 particles were
centrifuged, washed, and dried in vacuum. The hollow ZIF-67/8
particles were carbonized to form HCPs in a quartz boat placed
in a temperature-programmed tube furnace. The ramping rate
was controlled at 1 °C/min, and the samples were carbonized
at 800 °C for 3 hin a 50 mL/min flow of Ar.

Synthesis of Fe-doped hollow carbon polyhedrons (Fe/HCPs)

The synthesis and carbonization of Fe/HCPs are similar to
HCPs, except for an extra Fe loading step before the coating of
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ZIF-8 shells in the preparation of core/shell ZIF-67/8 particles.
As-formed ZIF-67 cores were centrifuged, washed, and
dispersed in 15 mL methanol. After adding Fe(NOs)3:6H,0 and
2,2'-bipyridine, the mixture was stirred at room temperature
for 24 h. The resulting Fe/ZIF-67 cores were centrifuged,
washed and dispersed in 15 mL methanol solution containing
0.616g 2-methylimidazole. The Zn-methanol solution was then
added to the mixture to form ZIF-8 shells. After methanol
hydrothermal treatment and carbonization, Fe/HCPs were
obtained.

Synthesis of solid carbon polyhedrons (SCPs)

SCPs were synthesized by similar procedures in preparing HCPs
without the methanol hydrothermal treatment of the core-
shell ZIF-67/8.

Characterization

N, physisorption experiments were conducted by using
Micromeritics 3Flex surface characterization analyzer at 77 K.
PXRD patterns of the samples were acquired by a STOE Stadi P
powder diffractometer using Cu Ka radiation (40 kV, 40 mA,
A=0.1541 nm). Transmission electron microscopy (TEM) images
were acquired by using a Tecnai G2 F20 electron microscope
operated at 200 kV. ICP—-MS (X Series Il, Thermo Scientific) and
ICP-OES (Perkin Elmer Optima 2100DV) were performed to
determine the actual metal content. XPS spectra were
measured by a PHI 5500 Multi-technique system (Physical
Electronics, Chanhassen, MN) equipped with a mono-
chromatized Al K, X-ray source (1486.6 eV).

Electrochemical analysis of ORR

All electrochemical tests were measured using a potentiostat
(VSP-300, Bio-Logic Science Instruments). Catalysts were
dispersed in mixtures of H,0:isopropanol:5% Nafion solution
or isopropanol:H,0:5% Nafion solution (4:1:0.025) to prepare
a 2 mg/mL ink depending on the dispersion. After sonication
for 30 min, 20 pL of the catalyst ink was applied onto a
rotational ring-disk electrode (RRDE, 5 mm diameter) as a
working electrode. A platinum wire and a saturated Ag/AgCl
electrode were used respectively as the counter and the
reference electrodes. The water used in all experiments was
Millipore ultrapure water (18.2 mQ). All ORR measurements
were carried out at 25 °Cin a 0.1 M KOH aqueous solution. The
sweep speed for linear sweep voltammetry is 10 mV/s.

Results and Discussion

To fulfill the direct transformation from hollow MOF to hollow
carbon nanostructure, hollow ZIF-67/8 particles were selected
as the MOF precedent. ZIF-67 [Co(Melm);], (Melm=2-
methylimidazole) and ZIF-8 [Zn(Melm),], are isostructural MOF
materials with similar zeolite SOD topology. Both of them
consist of 2-methylimidazole linkers albeit with different metal
sites (Coin ZIF-67 and Zn in ZIF-8). In general, ZIFs are optimum
MOF precedents to achieve a high ORR activity of the resultant
carbon materials due to the high nitrogen content in 2-
methylimidazole linkers (ca. 30 wt.%). Moreover, the N atoms

This journal is © The Royal Society of Chemistry 20xx
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are positioned within the aromatic ring, which increases the
efficiency of N incorporation during carbonization.2® The N
species in (metal-doped) ZIF-derived carbon materials could
also generate more metal-N species active in ORR, such as
CoN, and FeNy.32 In hollow ZIF-67/8-derived HCPs, the shorten
diffusion length in the shell can facilitate the molecule
transfer, beneficial to promote the ORR activity.10

Following this design principle, we first synthesized hollow
ZIF-67/8 particles via a reported protocol,*® and subsequently
carbonized them to afford various carbon nanostructures. The
hollow structure in ZIF-67/8 particles was employed by the
selective destruction of ZIF-67 cores in core/shell ZIF-67/8
particles via the solvothermal route in methanol. The resultant
hollow ZIF-67/8 particles show the well-defined rhombic
dodecahedral morphology with deformed ZIF-67 fragments
trapped inside. This synthesis is facile and does not require a
hard template to sustain the hollow ZIF-67/8 precedents, and
therefore precludes the laborious etching steps involved in
removing internal templates after carbonization. Due to the
morphology inherence during MOF carbonization,3242 we
proposed that these hollow ZIF-67/8 particles could be directly
carbonized to form HCPs, where the hollow nature of the ZIF-
67/8 particles can be retained. It is notable that the retained
ZIF-67 fragments readily restore a significant amount of Co in
hollow ZIF-67/8 particles during the destruction of the ZIF-67
cores. This observation inspired us to utilize the ZIF-67 core as
a carrier to dope other elements into the hollow ZIF-67/8
particles. Since Fe/N dopants in carbon materials can lead to
enhanced ORR activities,***> we loaded Fe(NOs)s;-6H,0 and
2,2'-bipyridine as Fe and N precursors into ZIF-67 cores. The
destruction of these Fe-doped ZIF-67 cores can induce Fe-
doped hollow ZIF-67/8 particles, subsequently resulting in Fe-
doped HCPs with enhanced ORR performance. In a nutshell,
we anticipate that hollow ZIF-67/8 particles are ideal starting
materials to prepare HCPs with superior ORR activity and
controllable morphology.

Hollow ZIF-67/8 particles were first prepared with sizes
ranging from 300 to 600 nm measured by TEM (Fig. 1a), of
which the size and morphology are similar to their parent
core/shell ZIF-67/8 precedents shown in Fig. 1b. They are
endowed with large void interiors and a polyhedral
morphology, which are advantageous in preparing HCPs. We
observed the size enlargement of hollow ZIF-67/8 particles
after methanol solvothermal treatment in comparison to their
core/shell ZIF-67/8 counterparts as reported in literature.*3
With these hollow ZIF precedents, we proceeded to an
elaborate carbonization to the hollow ZIF-67/8 particles at 800
°C for 3 h at a ramping rate of 1 °C/min in Ar atmosphere. As
expected, as-synthesized HCPs (Fig. 1c) demonstrate well-
defined polyhedral morphologies similar to their parent hollow
ZIF-67/8 precedents. The hollow features of HCPs are clearly
seen with the lighter interiors and their surrounding darker
edges (Fig. 1e). The sizes of HCPs are similar to their hollow
ZIF-67/8 precedents with a slight structural shrinkage. Several
metal particles are also observed distributed across the HCPs’
framework. These particles are presumed to be Co/CoOy since
only trace remnant of Zn was determined (<0.1 wt.%, Table S1)

This journal is © The Royal Society of Chemistry 20xx

by inductively coupled plasma-mass spectrometry (ICP-MS)
after the carbonization. To better evaluate the synthesis
condition, we varied the carbonization temperatures (600,
800, and 1000 °C), time (1, 3, and 5 h at 800 °C) and
atmosphere (Ar, N,, and 10% H,/Ar). Their ORR performances
were shown in Figure S1 and Table S3. The carbonization
condition of 3 h at 800 °C under Ar atmosphere is optimal to
obtain the best ORR activity for HCPs. For the comparison, we
also carbonized core/shell ZIF-67/8 particles to afford solid
carbon polyhedrons (SCPs, as shown in Fig. 1d and f). Since the
hollow ZIF-67/8 particles after methanol solvothermal
treatment are larger than their core/shell ZIF-67/8
precursors,*® the resultant HCPs is also larger than the as-
prepared SCPs. Both HCPs and SCPs resembled their respective
hollow and solid ZIF-67/8 precedents, which evidences the
morphology inherence during MOF carbonization.

a)

Fig. 1. TEM images of (a) hollow ZIF-67/8 particles, (b) core/shell ZIF-67/8
particles, (c) HCPs, and (d) SCPs. (e) and (f) are enlarged TEM images of
respective HCPs and SCPs to identify the hollow interiors.

Co and Zn contents of HCPs, SCPs, and their parent ZIF-
67/8 precedents were determined by ICP-MS (Table S1 in
Supporting Information). Core/shell ZIF-67/8 particles consist
of 18.2 wt.% Co and 5.5 wt.% Zn, conformed to the presence
of both ZIF-67 cores and ZIF-8 shells. After methanol
treatment, hollow ZIF-67/8 particles

solvothermal show
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increased Zn contents to 18.6 wt.%, presumably due to the
mass reduction from the destruction of inner ZIF-67 cores. Co
contents of hollow ZIF-67/8 particles decrease to 11.4 wt.%,
indicating the significant retention of ZIF-67 fragments within
the ZIF-8 shell. The carbonization of both hollow and core/shell
ZIF-67/8 particles induces consistent weight loss of ca. 50
wt.%. The resultant HCPs and SCPs have Co contents of 23.9
and 41.3 wt.%, respectively. The roughly doubled Co contents
in HCPs and SCPs, compared to that of their parent MOF
precedents, are consistent with their weight losses. After the
carbonization at 800 °C, less than 0.1 wt.% of Zn contents was
detected in both HCPs and SCPs. The scarcity of Zn in HCPs and
SCPs also confirms that the particles observed on the HCPs are
Co/CoOy nanoparticles in the TEM images. ICP-MS data of Co
and Zn contents agree with the general carbonization pathway
of ZIF-materials. 2-methylimidazole linkers pyrolyze into
degraded hydrocarbons, whereas Co sites in ZIF-67 can form
metallic Co and various carbides/nitrides species (CoNx and
CoC,).32 Under high temperatures, Zn can evaporate from the
system due to their high vapor pressure, while Co species
remain in the as-formed carbon materials.

We employed N, physisorption to characterize the porous
structures of HCPs and SCPs as shown in Fig. 2a. The isotherms
of both HCPs and SCPs show type IV characteristics. A distinct
hysteresis loop of HCPs indicates more mesopore volume (0.47
cm3-g1) in comparison to that of SCPs (0.35 cm3-g1).44647 The
pore size distributions of HCPs and SCPs agree with their
mesoporous characters (Fig. 2b). The mesopores in SCPs are
between 2-10 nm in diameter. Differing from SCPs, HCPs show
a broader mesoporous feature centered at 60 nm
corresponding to their void interiors. We noticed that the void
space of 40-80 nm in size is smaller than the theoretical
diameter (200-300 nm) of the hollow interior, assuming that
HCPs could retain the morphology of their parent hollow ZIF-
67/8 precedents. Contradictory to most intact hollow features
of HCPs observed in TEM, we speculate that the size reduction
of the hollow space shown in N;-physisorption can be due to
the presence of large metal nanoparticles or carbon structures
that separate the void interior into several isolated
compartments. Interestingly, the Brunauer-Emmett-Teller
(BET) surface area of HCPs was measured as 227 m2-g'1, which
is slightly lower than that of SCPs (282 m2-g1). During the ZIF-
67 core destruction to generate parent hollow ZIF-67/8
particles, degraded Co was reported to etch ZIF-8 shells.*3 Even
though the void structure was retained after the carbonization
of hollow ZIF-67/8 particles, we infer that the as-formed HCPs
can undergo slight structural deformation under high
temperatures. This deformation is due to the reduced thermal
stability of the etched ZIF shell, which is also responsible for
the observed lower BET surface areas in HCPs. The
crystallization properties of HCPs, SCPs, and their parent ZIF-
67/8 precedents were investigated by powder X-ray diffraction
(PXRD) analysis (Fig. 3a). Both hollow and core/shell ZIF-67/8
particles exhibited well-crystallized ZIF structures. After
carbonization, HCPs, and SCPs have similar PXRD patterns with
amorphous structures. The broad feature around 25° is
attributed to the (002) diffraction of graphitic carbon.32 The
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series of distinct peaks at 22°, 52°, and 76" are characteristic
peaks of bulk Co (PDF#15-0806), which reveals the presence of
metallic Co nanoparticles in HCPs and SCPs.

Fe-doping and N-rich environment are critical to
enhancing ORR activities of carbon materials.’® We thus
prepared the Fe-doped HCPs with similar hollow structures.
As-prepared ZIF-67 cores were loaded with Fe(NOs)3-:6H,0 as
the Fe precursor and 2,2'-bipyridine as the additional N source.
To accomplish the desirable hollow structure, ZIF-8 shells were
then coated on the resulting Fe-loaded ZIF-67 cores to form
the Fe-core/shell ZIF-67/8 particles. After methanol
solvothermal treatment and carbonization, Fe-doped HCPs
(denoted as Fe/HCPs) were obtained. The TEM images in Fig.
3b and S2 show that Fe/HCPs have similar morphological
characteristics as bare HCPs. Target Fe/N loadings were
controlled as 1.0 wt.% Fe and 2.0 wt.% 2,2'-bipyridine relative
to the mass of ZIF-67 cores. The final Fe contents in Fe/HCPs
were measured as 1.0 wt.% by inductively coupled plasma
optical emission spectroscopy (ICP-OES). We further studied
Co, Zn contents (Table S1) and PXRD features (Fig. S3) of
Fe/HCPs, which agree well with that of HCPs.

a b
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Fig. 2. (a) N2 physisorption isotherms, and (b) pore size distributions of HCPs
and SCPs.

{11 *C
a) (002) I '2|°°' cl Co
- l HCPs
5 e SCPs
- f s S
=
H
.E il Hollow ZIF-67/8
il Core/shell ZIF-67/8

10 20 30 40 SID 60 TO0 80
2 Theta (degree)

Fig. 3. (a) PXRD patterns of HCPs, SCPs, and their parent ZIF-67/8
precedents; (b) characteristic TEM images of Fe/HCPs.

Surface characteristics of HCPs, SCPs and Fe/HCPs were
measured using X-ray photoelectron spectroscopy (XPS). Fig.
S4 presents N 1s, Co 2p, Zn 2p, and Fe 2p spectra of respective
carbon materials, and detailed analyses are summarized in
Table S4. The HCPs have the highest surface N concentration
at 6.7 at.% compared to SCPs (5.2 at.%) and Fe/HCPs (5.6
at.%). We deconvoluted the N peaks in XPS spectra to
pyridinic-N, graphitic-N, and oxidized-N.#84° This indicates that
most of the N atoms in the aromatic ring of 2-methyimidazole

This journal is © The Royal Society of Chemistry 20xx
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Fig. 4. (a) ORR polarization curves of HCPs, SCPs, Fe/HCPs, Cz-ZIF-control and commercial Pt/Vulcan catalysts. (b) ORR polarization curves of
HCPs, HCPs-etching, Fe/HCPs, and Fe/HCPs-etching to investigate the active sites for ORR. In all ORR measurements, the ink concentrations of
carbon catalysts and Pt/Vulcan were controlled as 2 mg/mL and 0.5 mg/mL. 20 pL of above mentioned catalyst ink was applied on the RRDE.

were transformed to these three types of N species.3® HCPs
and Fe/HCPs have consistently higher fractions of pyridinic-N
and less oxidized-N compared to SCPs. The pyridinic-N species
donate electrons to carbon networks, which is beneficial to
ORR activity.59 Co spectra depict that most of the Co surfaces
are oxidized to CoOy species. Consistent with low Zn contents
in ICP-MS results, surface Zn is also observed to be less than
0.3 at.% in HCPs, SCPs and Fe/HCPs, confirming a nearly
complete evaporation of Zn at high temperatures. Fe species
were not detected on the surface of 1.0 wt.% Fe/HCPs. Since
ICP-OES results confirm the presence of Fe in 1.0 wt.%
Fe/HCPs, the low Fe contents in our samples may fall below
the detection limit of XPS. Alternatively, Fe can be trapped
inside the hollow structure of Fe/HCPs, where the Fe-doped
ZIF-67 cores were used as the Fe carrier. This process can also
be extended to dope other metal atoms into such hollow
carbon structures.

With desired structural characterizations of HCPs and SCPs
in place, we investigated their ORR activities using the rotating
ring-disk electrode (RRDE) in a 0.1 M KOH electrolyte at 25 °C.
Detailed potential and current density values are summarized
in Table S5. As shown in Fig. 4, HCPs have an onset potential
(Eonset) of 0.948 V, and Ei; is 0.821 V. To the best of our
knowledge, these electrochemical values demonstrate our
HCPs as highly active ORR catalysts comparing to previous
reports (Table S6). Interestingly, SCPs have a comparable Eq/;
(0.810 V) and a lower Eonset (0.912 V) in contrast to that of the
HCPs. However, the kinetic current density of HCPs (0.87
mA/cm? at 0.90 V) is ca. 2 times higher, in sharp contrast to
that of SCPs (0.40 mA/cm?2). It is interesting to note that the
HCPs have lower surface area while demonstrating higher
kinetic current density, which indicates that the hollow
structure of HCPs can better utilize the easily accessible active
sites accounting for ORR. To better evaluate the ORR activity
of HCPs and SCPs, we prepared another carbonized bimetallic
ZIF-67/8 as a control catalyst (denoted as Cz-ZIF-control) by co-
mixing the Co/Zn precursors in the preparation of ZIFs. The Cz-
ZIF-control shows solid structures with irregular shapes (Fig.
S6).3* We characterized Cz-ZIF-control using PXRD, XPS, ICP-
MS, N, physisorption, and Raman spectrometry (Table S1-7
and Fig. S6-8). Solid Cz-ZIF-control displays mostly similar size,

This journal is © The Royal Society of Chemistry 20xx

crystallization, and chemical properties in comparison to HCPs,
except for the 30% lower surface N contents determined by
XPS. We, therefore, tested ORR activity for this Cz-ZIF-control
under identical conditions. Cz-ZIF-control has much worse ORR
performance compared to HCPs. Ei; and Eonset Of Cz-ZIF-
control are 0.793 V and 0.869 V, which are 28 mV and 79 mV
lower than HCPs. These electrochemical results demonstrate
the synthesis and structural advantages of HCPs, which can
promote their ORR activity.

It is notable that the limiting current of HCPs is 4.49
mA/cm? at 0.2 V, which is not competitive to Pt/Vulcan (5.73
mA/cm?) and SCPs (5.08 mA/cm?2). We envision that the Fe-
doping in Fe/HCPs can complement the low limiting current of
HCPs due to the Fe promotion to ORR.5! As expected, the
current density of Fe/HCPs is boosted to 5.59 mA/cm?2, which is
close to Pt/Vulcan and 24 % enhanced in comparison to that of
HCPs. We also varied the Fe loadings from 0.4, 1.0, 3.3 and
19.8 wt.% on Fe/HCPs as determined by ICP-OES, and
employed them for ORR analysis. 1.0 wt.% Fe (E1/; as 0.850 V)
stands out as the most active catalysts among different Fe
loadings under our synthesis and reaction conditions (Fig. S9
and Table S8), and this E;/; even surpasses that of HCPs by 29
mV. We propose that the Fe doping can facilitate the reduction
of O, on the carbon surface responsible for the promotion of
ORR current density in Fe/HCPs. To further validate this
hypothesis, we placed HCPs and Fe/HCPs in 6 M HNO3
overnight to etch the metallic contents, denoted as HCPs-
etching and Fe/HCPs-etching (Table S1). After etching, Co
contents are consistently reduced to ca. 30% for both HCPs
and Fe/HCPs. The Fe content of Fe/HCPs-etching was
measured as 0.9 wt.%, which is ca. 30% loss to that of the
original Fe/HCPs considering the mass loss of Co. Fig. 4b
illustrates the distinct decreasing ORR activity of both HCPs-
etching and Fe/HCPs-etching in contrast to their respective
counterparts before etching treatments. Respective E;/; of
HCPs-etching (0.784 V) and Fe/HCP-etching (0.799 V) are
similar, and they both contain comparable Co contents (ca. 8-
12 wt.%). Limiting currents at 0.2 V of Fe/HCPs-etching (4.96
mA/cm?) are still 18% higher than HCPs-etching (4.22
mA/cm?2), consistent with the adequate remnant Fe contents
(ca. 70%) in Fe/HCPs-etching. We thus suggest that the Co
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species on our HCPs and Fe/HCPs influence their ORR
performance. Meanwhile, the doping of Fe can further
increase the mass transport limiting current density, which
evidences the promotion effect of Fe in ORR activity.>2>* The
chronoamperometric responses for HCPs and Fe/HCPs were
also acquired for 40,000 s as shown in Fig. S10. Both HCPs and
Fe/HCPs show excellent stabilities with respective 10.9 and
12.7% current drop, in comparison to the poor stability of
Pt/Vulcan (53.0% current drop).

Conclusions

In summary, we demonstrate a novel and facile synthesis of
hollow carbon polyhedrons (HCPs) via a direct carbonization of
hollow ZIF-67/8 particles. This approach presents the
morphology inherence of carbon materials derived from their
parent MOF precedents. With the benefits afforded by the
structural reassembly during carbonization, we designed the
ideal Fe/HCPs catalyst with superior performance in ORR,
combining the advantages of the high porosity of parent ZIFs,
easily accessible active sites in hollow structures, and Fe-
doping promotion. This work demonstrates the use of
structural engineering for the preparation of porous carbon
nanostructures in a controllable manner as efficient
electrocatalysts.
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