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Metal-organic mesocrystals with 3D flower-like superstructures are solvothermally
synthesized and employed as versatile precursors for hierarchically porous nitrogen
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associated in-situ generation of porogens lead to high nitrogen content and
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Abstract

Synthesis of 3D flower-like zinc-nitrilotriacetic acid (ZnNTA) mesocrystals and their
conformal transformation to hierarchically porous N-doped carbon superstructures are reported.
During the solvothermal reaction, 2D nanosheet primary building blocks undergo oriented
attachment and mesoscale assembly forming stacked layers. The secondary nucleation and
growth preferentially occur at the edges and defects of the layers, leading to formation of 3D
flower-like mesocrystals comprised of interconnected 2D micropetals. By simply varying the
pyrolysis temperature (550-1000 °C) and the removal method of in-situ generated Zn species,
nonporous parent mesocrystals are transformed to hierarchically porous carbon flowers with
controllable high surface area (970-1605 m? g'!), nitrogen content (3.4-14.1 at%), pore volume
(0.95-2.19 cm® g'!), as well as pore diameter and structures. The carbon flowers prepared at
550 °C show high CO»/N; selectivity due to the high nitrogen content and the large fraction of
(ultra)micropores which can greatly increase the CO; affinity. The results show that the
physicochemical properties of end-carbons are highly dependent on the thermal transformation
and associated pore formation process, rather than directly inherited from parent precursors.
The present strategy demonstrates metal-organic mesocrystals as a facile and versatile means
toward 3D hierarchical carbon superstructures that are attractive for a number of potential
applications.

1. Introduction

Hierarchical carbon materials with defined 3-dimensional (3D) superstructure have attracted
significant attention because of their unique textural properties that simultaneously combine the
benefits of 3D assembled architectures and multiscale pore structures.!'** The 3D superstructure
can inherit unique collective properties and a number of defect (active) sites arising from their

subunit ensembles, which are otherwise difficult to realize.* > Micro/mesopores introduce a
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high surface area, a number of adsorption sites and size selectivity and macropores enhance the
mass transport capability.[®” These advantageous features make hierarchical carbons attractive
for a wide variety of applications such as adsorption, catalysis, and energy storage and
conversion.[: >4 For instance, flower-like carbon superstructures have been of particular
interest in the field of electrocatalysis and energy storage. This is because of the high
accessibility of the micro- and mesopores or catalytically active sites for the electrolyte
provided by the unique morphology with a hierarchical pore structure and the facile electron
transport through the 3D interconnected nanopetals, which leads to exceptional electrochemical
performance.!'>?*! Flower-like and hierarchical carbons in general have been prepared by using
various low-dimensional building blocks (e.g., polymer sheets, carbon nanotubes, graphene
oxide)l> * 15 201 and multiple templates with different length scales (e.g., block copolymers,
silica materials, foams). [ 16 18 19. 25 261 However, the approaches usually rely on time-
consuming and laborious multi-step procedures, including preparation of building
blocks/sacrificial templates and their bottom-up assembly under specific conditions,
infiltration/polymerization of carbon source, carbonization and template removal.['* 2> 26 In
addition, they sometimes need additional pore-forming agents or physical/chemical activation
to generate a hierarchical pore structure.'> 8 271 In this regard, development of a
straightforward template-free approach toward hierarchically porous 3D carbon superstructures
is highly desired.

Metal-organic coordination compounds, typically prepared by reacting metal salts with
organic ligands, have shown promise as versatile precursors/templates for preparation of
functional hierarchically porous carbons and their metal/metal oxide composites via a simple
thermal transformation process.[*33% Particular attention has been paid to crystalline metal-
organic frameworks (MOFs) because of their highly ordered and chemically homogeneous
structures, tunable pore size and large surface area, which are highly attractive features for
fabricating advanced MOF-derived nanomaterials with tailored properties.[*> 3137 For the past
decade, considerable progress has been made in development of MOF-derived carbons (MDCs)
suitable for a wide range of applications.***#* However, the macroscopic shapes of MDCs are
mostly limited to simple cubic, rods, or hexagons that are inherited from characteristic
morphology of MOF. In addition, the understanding of thermal transformation mechanisms and
their effects on the physicochemical properties of the resulting carbons are still a matter of
research.[*>*8] Hence, it is highly desirable (i) to develop a new approach that enables synthesis
of hierarchically porous carbon with a high level of morphological complexity other than simple
(an)isotropic particle shape, and (ii) to understand underlying thermal transformation process
to obtain carbons with desired porosity and physicochemical properties.

Recently, bioinspired synthesis of a new type of metal-organic coordination compounds,
namely, metal-organic mesocrystals have been introduced.[*”) Mesocrystals are a kind of
superstructure comprised of crystalline nano/micro building blocks that are aligned in a
crystallographic manner.> 3% 5! Natural organisms can create sophisticated multi-dimensional
organic-inorganic hybrid mesocrystals via particle-mediated growth and assembly (i.e.,
nonclassical crystallization pathways), as observed in various biominerals such as bone, nacre,
sea urchins and others.[*"] Such particle-based crystallization is usually achieved by kinetic
control via organic additives (e.g., polymers, proteins) and often involves nanoparticle
aggregation, self-assembly and mesoscopic transformation which can open new strategies for
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crystal morphogenesis. Indeed, coordination of metal ions by biomolecules has shown unique
self-assembly behaviors that allow fabrication of multiscale architectures and complex
morphologies.’>3 In this regard, the use of bioinspired metal-organic mesocrystals as
precursors can provide an unique opportunity to develop a new class of hierarchically structured
carbon that may not be easily prepared by conventional templating methods and from MOF-
based precursors. To date, synthesis of metal-organic mesocrystals and their transformation into
functional nanomaterials remain largely unexplored.

Herein, we report the simple and template-free synthesis of a nitrogen-doped 3D carbon
flowers with hierarchical pore architecture through direct thermal transformation of zinc-
nitrilotriacetic acid (ZnNTA) mesocrystals (Scheme 1). ZnNTA mesocrystals are prepared by
solvothermal reaction of zinc nitrate hexahydrate and NTA in dimethylformamide (DMF). The
resulting structures are further subjected to carbonization under N> atmosphere and the effects
of the pyrolysis temperature (550-1000 °C) as well as the role of in-situ generated Zn species
on physicochemical properties (porosity, nitrogen content and configuration, degree of
graphitization) of resulting carbon flowers are investigated. The selective adsorption of CO; in
the presence of N> is studied in order to demonstrate the advantages of the control over the pore
structures, which is achievable by controlling the synthesis temperature.

0

2—0H

HO N

@] H; Coordination

fa Self-assembly

Pyrolysis
in N,

ZI"I{NOa)z SHQO Flower
HNO,

Hierarchically Porous
Mesocrystals Carbon Flowers

Scheme 1. Synthesis of flower-like ZnNTA mesocrystals and their conformal transformation
to hierarchically porous N-doped carbon flowers.

2. Results and Discussion

NTA is an artificially-made biomimetic chelating agent that has been widely used in various
industrial applications such as detergents, metal-ion capture, and wastewater treatment.[>®
Thus, NTA is an attractive candidate for cooperative self-assembly with metal ions®”! to form
a new type of metal-NTA mesocrystal with unique particle morphologies. Indeed, flower-like
ZnNTA mesocrystals were simply prepared by mixing Zn salt and NTA (Zn/NTA molar ratio
= 1.5) in HNO3/DMF solution after solvothermal reaction at 120 °C for 24 h. Scanning electron
microscopy (SEM) images show flower-like ZnNTA particles with a size of ~ 100 um (Figure
1a). The micropetals interconnect each other and self-assemble to flower-like architectures.
Higher magnification images show that each micropetal is constructed by small 2D nanosheets
as building blocks, which is a typical characteristic of mesocrystals (Figure 1b, ¢). Transmission
electron microscopy (TEM) reveals the randomly distributed mesopores originated from the
defects and intraparticle voids of the mesocrystalline assembly (Figure 1d). Moreover, X-ray
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powder diffraction (XRD) shows the characteristic crystalline nature of ZnNTA crystals, which
are totally different from the precursors used (Figure S1a). The formation of Zn-NTA
coordination bonds was supported by Fourier-transform infrared (FT-IR) spectra (Figure S1b).
After mesocrystal formation, an intense band at 1720 cm™ from the stretching vibration of C=0
of carboxylic acids in NTA completely disappears, suggesting the successful coordination of
Zn ion by NTA. ZnNTA mesocrystals have very low Brunauer—Emmett—Teller (BET) surface
area of 7 m? g’! and a few mesopores ranging from 5-20 nm (Figure S1d).

Figure 1. SEM and TEM images of Flower-like ZnNTA mesocrystals (a), and
intersecting micropetals comprised of 2D nanosheets (b, ¢). TEM image of exfoliated
mesocrystals (d). ZnNTA mesocrystals were prepared with the molar ratios of Zn/NTA = 1.5
and HNO3/NTA = 3.

The Zn/NTA molar ratio was varied from 1 to 1.5 to 2, to investigate its effect on crystal
structure and morphology. Independent of the Zn/NTA ratio, ZnNTA crystals show flower-like
morphologies (Figure S2a-c) and comparable XRD patterns (Figure S2d). All ZnNTAs also
have similar thermal stability and materials composition, as confirmed by thermogravimetric
analysis (TGA) conducted under artificial air flow (Figure S2e). The estimated materials
composition from TGA i1s Zn/NTA = 1.5 in all samples, corresponding to the coordination
number to achieve an electroneutral framework. The results indicate that flower-like ZnNTA
mesocrystals with almost the same composition and structures are obtained regardless of the
Zn/NTA ratio used for synthesis.
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Figure 2. Kinetically controlled growth of ZnNTA mesocrystals prepared with different
HNO3/NTA ratio (r). SEM images of ZnNTA at (a)r=0, (b,c)r=1,(d)r=2,and (e) r=3
(f) XRD patterns of ZnNTA. (g) Suggested formation mechanism of flower mesocrystals.

The kinetic control of crystallization can provide new opportunities for investigating the
crystal growth process/mechanism and for preparing the crystals with high level of structural
hierarchies.[*> 381 For these purposes, here we used HNOs as an additive that hinders the
deprotonation of NTA ligand, and thus affects the kinetics of the nucleation and growth (Figure
2). The effect of HNO3 concentration on the size and morphology of ZnNTA was investigated
by changing the molar ratio » = HNO3/NTA under the same solvothermal reaction for 24 h. In
the absence of HNOj3, tetragonal 2D nanosheets with the approximate size/thickness of 200/10
nm were prepared (Figure 2a). At » = 1, multilayer stacked particles comprised of such 2D
nanosheets were observed (Figure 2b, c¢). 3D flower-like structures were generated at » = 2
(Figure 2d), and became larger with an increase of HNOs (» = 3) (Figure 2e). Further increase
of HNOs3 considerably inhibits the crystal growth and assembly, and thus leads to formation of
some nanocrystals (» = 4.5) and even amorphous aggregates (» = 6) (Figure S3). XRD
diffractions become more intense with an increase of » from 1 to 3, possibly due to the increase
in crystallinity and the alignment of 2D nanosheets in the c-direction (Figure 2f). Thus, HNO3
plays a crucial role in preparation of flower mesocrystals, as HNOj3 retards the deprotonation
of NTA and by that lowers the rate of nucleation induced by coordination of NTA with Zn ions.
With increasing amount of HNO3, fewer nuclei are generated and grew to larger crystals. As
the nucleation was largely retarded by HNOs, secondary heterogeneous nucleation can
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continuously occur at the defect sites of the preformed layers,*”) which results in formation of
3D flower assemblies comprised of 2D layers.

To gain further insights on crystal growth process, time dependent ex-situ SEM studies
were conducted for the flower mesocrystals prepared under the standard synthesis conditions
(Zn/NTA = 1.5 and HNO3/NTA = 3) (Figure S4). The initial reactant solution is homogeneous
and transparent without any precipitates. The flower-like mesocrystal can only be prepared after
solvothermal reaction at 120 °C. The stacked-microsheets emerge at the early stage of reaction
for 4h (Figure S4a, b), and steadily self-assemble to flower-like particles after 6h. Newly
formed nanosheets and branches grow on the surface and at the edges of the preformed layers,
which can generate the curvature of the initially stacked layers (Figure S4c, d). Further growth
and development of new layers result in the formation of flower-shaped mesocrystals with a
number of extended micropetals interconnecting each other (Figure S4e-h).

Based on these results, we suggest the formation mechanism of 3D flower ZnNTA
mesocrystals (Figure 2g), i.e., the mesoscale assembly via oriented attachment®”! and the
secondary nucleation and growth on the preformed layers. The mesocrystal growth proceeds
step-by-step in a hierarchical way. At first, the 2D nanosheets — the primary building blocks —
are generated, and subsequently self-aggregate along the common crystallographic basal- and
edge-plane via oriented attachment to reduce the total surface energy of the system, thereby
building up the secondary stacked layers with several micrometer size. As the size of those
particles increases, the number of defects originated from mesoscale assembly increases
significantly.['] Thus, the secondary nucleation can take place specifically at such defect sites
on the preformed crystal surface.’>®! The primary building blocks repeatedly grow and attach to
the preformed layers, which leads to structure evolution from 2D nanosheets to 3D flower-like
structures. As a result, the assembled mesocrystals are more blooming with an increase of
particle size and have a number of 3D extended petals. Such curvature formation in ZnNTA is
similar to hierarchical structure formation found in biominerals.>® 5% 61- 62l The internal strain
associated with the defects of the attached building blocks increases with an increase of particle
size. This enthalpic penalty can be compensated by introducing the misalignment (e.g.,
curvature) of the outer building blocks, which increases the total entropy of the system and by
that the complexity of the biomineral morphologies. Overall, the mesocrystal formation is
closely related to its ‘primary building block’. The initially formed 2D nanosheet acts as a
primary building block which undergoes oriented attachment and mesoscale assembly. The
secondary nucleation takes place at the defect sites on the preformed 2D layers. The repeated
growth and attachment to the layers lead to formation of 3D flower-like structures.

The flower-like ZnNTA mesocrystals were conformally transformed to hierarchically
porous N-doped carbons via pyrolysis ranging from 550 to 1000 °C under N> gas flow for 2 h
with a heating rate of 5 °C min! without using additional carbon sources. During the pyrolysis,
ZnNTAs are converted to the composites of ZnO and polymeric/carbonaceous species at
temperature above 400 °C. When the temperature is increased to 800 °C and above, ZnO is
carbothermally reduced to Zn metal which can evacuate and be transported away from the
carbon with the N> gas flow (see TGA in Figure S5). Four different temperatures of (550, 700,

6



[
=
3]
7
S
8
=
P
o
£
=
=
<
0
o
8
o
9
=
ie)
8
0
©
S
3
G
e
=
473
£
X
3]
8
o
)
s

850, and 1000 °C) were chosen to study the effect of pyrolysis temperature and the method of
Zn removal (i.e., by chemical etching and by vaporization) on physicochemical properties (i.e.,
pore structures, nitrogen content and configuration, as well as degree of graphitization). The
resulting samples were labelled as ZnNTA-XE, where X denotes the pyrolysis temperature, and
E represents 1 M HCI etching. Zn species in ZnNTA-X are removed by 1) HCI etching in
ZnNTA-(550E, 700E), i) combination of vaporization and HCI etching in ZnNTA-850E, and
ii1) vaporization in ZnNTA-1000. Thus, the role of Zn removal method on the above-mentioned
physicochemical properties is investigated.

The characteristic XRD reflections of ZnNTA mesocrystals completely disappear after
pyrolysis, which suggest the successful transformation of mesocrystals to the respective
ZnO/carbon composites or carbon (Figure S6a). ZnNTA-(550 and 700) exhibit sharp
reflections that are assigned to the remaining crystalline ZnO. SEM images show highly
aggregated ZnO nanocrystals decorating the outer surface of the ZnNTA-(550 and 700) (Figure
S7 and S8). TGA under air atmosphere shows that substantial amount of ZnO (ca. 75%) remains
in these materials (Figure S9). In contrast, ZnNTA-(850, 1000) show neither crystalline ZnO
in XRD (Figure S6) nor visible surface aggregates in SEM images (Figure S10 and S11), and
exhibit a small ash-content in TGA (Figure S9).

After HCI etching, ZnNTA-XE only exhibit broad (002) diffraction at near 25°, which
is typical for disordered amorphous carbon with high surface area (Figure S6b). The diffraction
peaks are slightly stronger in ZnNTA-850E and ZnNTA-1000 due to the increase of graphitic
stacking at higher pyrolysis temperature. The absence of crystalline ZnO suggests the
successful removal of inorganic species. Inductively coupled plasma-optical emission
spectrometry (ICP-OES) confirmed the amount of residual Zn which was in the comparable
range of 0.9 ~ 1.2 wt%. ZnNTA-1000 was not treated with HCI because it already had low Zn
content (1.2 wt%) after pyrolysis.

Figure 3. HREM images of ZnNTA-550E (a, b), ZnNTA-700E (c, d), ZnNTA-850E
(e, f) and ZnNTA-1000 (g, h).
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The inherent flower morphologies were well conserved without significant structural
deformation after carbonization and HCI washing. The highly interconnected hierarchical
porous structures with multiple levels of micro/meso/macropores were clearly observed in high-
resolution transmission electron microscopy (HRTEM) (Figure 3) and SEM images (Figure
S11 and S12). Macropores originate from the voids between the intersecting nano/microsheets.
HRTEM clearly shows the disordered yet homogeneously distributed mesopores with sizes of
5-20 nm in all samples (Figure 3). ZnNTA-550E has a rather dense morphology with relatively
low mesoporosity. Higher pyrolysis temperature leads to the increase of the overall porosity
with thinner pore walls, and the gradual development of randomly assembled graphitic layers.

The nitrogen content and its chemical bonding states were analyzed by X-ray
photoelectron spectroscopy (XPS). Lower pyrolysis temperature results in higher nitrogen
content in ZnNTA-XE, which is in line with the results from elemental analysis (EA) (Table
1). For instance, ZnNTA-550E has the highest nitrogen content of 14.1 at% (XPS) and 10.0
at% (EA). The N1s spectra can be deconvoluted into four component peaks that correspond to
pyridinic-N (~398 eV), pyrrolic-N (~400 eV), graphitic-N (~401 eV), and oxidized-N (~403
eV), respectively (Figure S13). The relative fractions of pyrrolic- and pyridinic-N decrease
while that of graphitic-N increases with increasing the synthesis temperature, because graphitic-
N is the most thermally stable N configuration (Figure S14). The ongoing development of
graphitic carbon with lower N content was also supported by XPS Cls spectra, in which the
peaks for graphitic sp> C=C bonds (~284 eV), N—sp? C (~285 eV), N-sp> C (~286 eV), and C-
O bonds (~288 eV) were identified (Figure S15).[°*] In agreement with the results of the N1s
spectra, the contribution from N—sp? C and N—sp® C decreases while that of graphitic C=C
bonds increases significantly with increasing pyrolysis temperature. Similar changes have been
observed in the electron-energy loss spectra (Figure S16). The fine structure of the carbon K-
edge becomes more pronounced with increasing pyrolysis temperature, while the concentration
of nitrogen decreases.

Raman spectroscopy provides additional information about the progress of
carbonization at different temperature (Figure S17). The D band near ~1355 cm™! arises from
the breathing modes of the six-fold sp? carbon rings in the presence of defects and disorder,
while the G-band near ~1600 cm™! originates from the stretching of any pair of sp? carbons
whether in rings or chains. The Ip/Ig peak intensity ratio is commonly used to evaluate the
degree of graphitization in porous carbons and is proportional to the amount of sp? carbon six-
rings.[®* In ZnNTA-XEs, the Ip/Ig ratio increases from 0.92 to 1.23 with increasing pyrolysis
temperature, indicating that higher temperature treatment leads to aromatization and
rearrangements of carbon due to increasing graphitization and the removal of N-containing
fragments.[®>! The XPS and Raman results show that the properties of ZnNTA-XE carbons such
as nitrogen content, nitrogen binding motives, and degree of graphitization can be controlled
by adjusting the pyrolysis temperature.

The textural properties of ZnNTA-XE were further characterized by Nz (77 K)
physisorption experiments (Figure 4; Table 1). N> physisorption of all ZnNTA-XE results in
comparable isotherms, comprising an abrupt N> uptake at a very low P/Py <0.05, a continuous
slope above P/Py > 0.1, type H4 hysteresis loop at intermediate P/Py (0.4-0.95), indicating the
presence of hierarchical pore system (Figure 4a).[! Pore size distributions (PSDs) were
estimated by using quenched solid density functional theory (QSDFT) method applied to the

8



8
=
o
)
>
8
p=
S
o]
<
=
<
0
3
S
S
o
=
)
8
0
=)
S
3
S
Q
=
=
@
IS
X
3]
S
o
3
=

adsorption isotherms for N> adsorbed on carbon with a slit/cylindrical pore shape. ZnNTA-XEs
have large specific BET surface area (SSAget) of 970~1605 m? g'! and high pore volume of
0.95~2.19 cm® g!, and show rather comparable PSDs with micropores centered at 1.1 nm and
broadly distributed mesopores (4-20 nm) centered at 5-8 nm (Figure 4b). With increasing the
pyrolysis temperature, the SSAger and total pore volumes increase significantly to 1605 m? g'!
and 2.19 cm® g'!. The cumulative PSD plots show that the micropores only contribute a small
fraction of the total pore volume (especially in the sample ZnNTA-700E), and indicate the
drastic increase in mesopore volume for samples heat treated at temperature > 700 °C (Figure
4c). Notably, although ZnNTA-550E has the lowest porosity in general, it shows relatively high
micropore volume that is larger than ZnNTA-700E and ZnNTA-850E. The ZnNTA-(700E,
850E, 1000) exhibit comparable mesopore volume yet large difference in micropore volume
which increases with an increase of carbonization temperature (Table 1). The substantial
increase in micropore volume of ZnNTA-(850E, 1000) is attributed to the carbothermal
reduction (ZnO + C - Zn + CO) and subsequent vaporization of in-situ generated Zn metals.
Such process works similarly to typical activation processes and preferably occurs with a faster
rate at higher temperature, thereby generating a number of micropores in ZnNTA-1000. This is
also the reason why the pore walls become thinner and mesopores are slightly increasing in
volume and/or size at higher temperature.

Table 1. Physisorption, Raman spectroscopy, EA, and XPS data summary as well as yield of
flower shaped hierarchically porous carbons derived from ZnNTA mesocrystals.

Samples SSA? Viicro® Vineso® Viota® In/lg Nitrogen Yield
m?g™  [em*g’l [em®g’l [cm®gT] [%]
EA XPS
[at%] [at%]
ZnNTA-550E 970 0.18 0.77 0.95 0.92 10.0 141 14.5
ZnNTA-700E 1090 0.06 1.88 1.94 1.16 9.5 13.8 7.5
ZnNTA-850E 1260 0.15 1.89 2.04 1.20 3.4 6.5 3.6
ZnNTA-1000 1605 0.27 1.92 2.19 1.23 3.0 3.4 3.5

9 Determined by multipoint BET method (P/Py= 0.05-0.2).; ® The cumulative pore volume at
2 nm determined by the QSDFT method for N> adsorbed on carbon at 77 K. @ Viotal-Vimicro 9
Determined at P/Pp=0.95.
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Figure 4. N2 physisorption isotherms at 77K (a) and corresponding differential (b) and

cumulative QSDFT PSD (c). CO2 physisorption isotherms at 273K (d).

To understand the contribution of Zn species to the pore formation, the cumulative PSD
plots of ZnNTA-X were gravimetrically normalized by the carbon content, and then compared
with those of ZnNTA-XE after HCI etching (Figure S18). The overall porosity of ZnNTA-
550E is much larger than that of normalized ZnNTA-550 (i.e., there is substantial increase in
both micro- and mesoporosity after HCI etching). This result indicates the presence of small Zn
clusters and ZnO nanoparticles embedded in the ZnNTA-550 frameworks, which can generate
the micropores and mesopores, respectively. In contrast, the overall porosities of ZnNTA-
(700E, 850E) and the normalized ZnNTA-(700, 850) are comparable to each other, suggesting
that the included ZnO barely contribute to additional pore formation and that the pore structures
were already completely developed prior to the removal of ZnO in these materials. The ZnO
nanoparticles were either highly aggregated in ZnNTA-700 (Figure S8) or too low in content
to be detected from XRD in ZnNTA-850 (Figure S6).

CO> and N adsorption experiments at 273 K further provide additional information
about the narrow pores and the affinity of the materials to the polar CO> molecules, as well as
CO2/N3 selectivity (Figure 4d). The CO» uptake of ZnNTA-(550E, 700E, 850E, and 1000) at
273 K and 1 bar was 3.46, 2.59, 3.80, and 4.63 mmol g!, respectively. ZnNTA-1000 with the
highest micropore volume shows the largest CO» uptake because the micropore volume strongly
governs the amount of adsorbed CO».[%*! ZnNTA-550E shows a relatively high CO> uptake,
particularly at low pressure of 0.1 bar (1.21 mmol g™!).1®” This value is much larger than those
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of ZnNTA-700E (0.307 mmol g!) and ZnNTA-850E (0.798 mmol g'!) and comparable to that
of ZnNTA-1000 (1.19 mmol g'), which we attribute to the higher nitrogen content and the
smaller micropore diameter in ZnNTA-550E. It is generally believed that the incorporation of
nitrogen to the carbon frameworks can increase the polarity of the carbon materials and provide
additional CO; binding sites, thereby leading to significant enhancement in CO: uptake
capacity.['* %61 The pore diameter also plays a major role for CO, adsorption accordingly, as
pores with sizes of 0.5-0.7 nm or even below (i.e., ultramicropores) can contribute to the amount
of adsorbed CO, more significantly than supermicropores (0.7—2 nm) or mesopores (>2 nm).[¢”]
In contrast to the other samples, ZnNTA-700E shows a distinct hysteresis in the CO>
physisorption isotherm, which is due to its strong CO; adsorption capability (Figure 4d). This
is most likely a result of the combination of high nitrogen content and narrow micropores in
this material.

The high CO; adsorption affinity of ZnNTA-550E is further underlined by investigating
the ideal adsorption solution theory (IAST) CO2/N> selectivity in comparison to ZnNTA-1000
having the highest CO, uptake among the samples (Figure S19). At 273 K and a N2/CO> ratio
of 90/10, the selectivity of ZnNTA-550E and ZnNTA-1000 was 43.0 and 19.8, respectively,
suggesting the superior CO; affinity of ZnNTA-550E due to the high nitrogen content and large
(ultra)micropore volume. The selectivity values are not particularly impressive in comparison
to the previously reported N-doped carbons, but still suggest the importance of pyrolysis
temperature and Zn removal methods on physicochemical properties of the final ZnNTA-XE
carbons.

On the basis of aforementioned results, we suggest the possible scenario for the
processes of pore formation (Scheme 2). The aliphatic NTA ligand itself works as carbon and
nitrogen sources and forms random mesopores. The transformation of NTA to organic
aggregates and their evaporation possibly occur at a temperature between 400-700 °C (see TGA
of Figure S5), leaving numerous sphere-like mesopores in the framework (Figure 3). This result
is consistent with previous thermal conversion process of aliphatic carboxylate ligands.!?% 46!
Our experimental results also show that mesopores are already formed during the pyrolysis
prior to the removal of Zn species (Figure S7-S11). As demonstrated by the relatively high yield
and the dense carbon framework morphology (Table 1; Figure 3a), ZnNTA-550 may contain a
substantial amount of organic compounds that only can be evaporated at higher temperature.
Therefore, the mesopores are more likely to be generated during carbonization > 550 °C, and
the ZnNTA-(700E, 850E, and 1000) have rather comparable mesopore volumes regardless of
carbonization temperature.

In addition, the in-situ generated Zn species upon pyrolysis also greatly affect the pore
structures and diameters, in particular the formation of micropores (Scheme 2). In ZnNTA-550,
the Zn ion pairs or small Zn clusters (i.e., embedded ZnOx clusters) are presumably formed and
act as molecular templates generating plenty of (ultra)micropores. The ZnO nanoparticles
confined in the carbon matrix can provide additional mesopores whereas those severely
aggregated on outer surface cannot contribute to pore generation. In ZnNTA-700, the formation
of such surface aggregates is dominant over the others because of higher degree of
sintering/aggregation of ZnO nanoparticles at high temperature. Thus, the removal of ZnO
rarely generate additional pores and this leads to the lowest microporosity of ZnNTA-700E.
However, when the pyrolysis temperature is high enough to induce carbothermal reduction
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(typically above 800 °C), the in-situ generated Zn metals can produce the new micropores in a
similar way to chemical activation. Because of the faster vaporization of Zn metals, ZnNTA-
1000 has a higher volume of micropores than ZnNTA-850E. Taking the nonporous nature of
ZnNTA mesocrytals into account, the results show that the textural properties of the final
carbons are highly dependent on the in-situ generated organic/inorganic pore-forming agents at
different carbonization temperature. The results also point out the important perspective that
the thermal transformation process and associated pore formation mechanism need to be
investigated carefully to prepare the carbons for desired end-uses, as parent precursors with
similar structures are transformed to daughter carbons with significantly different
physicochemical properties at different pyrolysis temperature.

The present approach is simple, straightforward and does not require time-consuming
multi-step processes nor additional sacrificial templates and chemical activation for hierarchical
pore formation. Kinetic control of mesocrystal growth enables high level of morphogenesis
from 2D nanosheets to 3D flower-like superstructures with controllable particle size and
dimension. Controlled pyrolysis and Zn removal lead to preparation of mesocrystal-derived
carbon flowers with excellent physicochemical properties superior to those found in previous

literature (Table S1).
ZnNTA-550 ZnNTA-700 ZnNTA-850

% Embedded Zn0O, clusters

© Embedded ZnO nanoparticles

() Surface aggregates

% (Uitra)micropores from ZnO, clusters

A Micropores from Zn metal vaporization
<> Mesopores from ZnO nanoparticles

O Mesopores from NTA evaporation

ZnNTA-550E ZnNTA-700E ZnNTA-850E ZnNTA-1000

Scheme 2. Illustration of the effect of pyrolysis temperature and removal of in-situ
generated Zn species on textural properties of carbons derived from ZnNTA mesocrystals.

3. Conclusion

We have reported the synthesis of 3D flower metal-organic ZnNTA mesocrystals and their
conformal transformation to hierarchically porous N-doped carbon via pyrolysis at various
temperature (550, 700, 850 and 1000 °C). The 2D ZnNTA nanosheets work as the primary
building blocks which align along the common crystallographic basal- and edge-plane via
oriented attachment and mesoscale assembly. The secondary nucleation and growth on the
edges and defects of preformed layers enable the formation of 3D flower mesocrystals with a
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number of extended nanosheets interconnecting each other. The controlled thermal
transformation of ZnNTA mesocrystals leads to the formation of carbon flowers with tailored
physicochemical properties. The nitrogen content decreases with increasing pyrolysis
temperature. The aliphatic NTA ligand forms mesopores and functions as carbon and nitrogen
sources. Pyrolysis at 550 °C preferably generates the small Zn clusters leaving a high volume
of (ultra)micropores after HCI etching. Higher pyrolysis temperature leads to dominant
formation of ZnO aggregates on the external surface which cannot contribute to pore formation
in ZnNTA-700. Above 850 °C, in-situ generated Zn metal species act as additional porogens
producing numerous micropores via vaporization. Rapid elimination of Zn metal at higher
temperature leads to formation of ZnNTA-1000 with the highest micropore content. Benefiting
from high N content and the presence of ultramicropores, ZnNTA-550E shows CO2/N2
selectivity which is twice as high as that of ZnNTA-1000. We demonstrate the use of metal-
organic mesocrystals as versatile precursors for unique 3D carbon superstructures that are
difficult to access with conventional synthesis methods. The present work provides new insights
into the preparation of 3D hierarchical carbon superstructures with tailored physicochemical
properties which are highly relevant in a number of potential applications.

4. Experimental Section

Materials: Concentrated nitric acid (HNOs, 70%, reagent grade, Sigma Aldrich),
dimethylformamide (DMF, analytical grade, VWR), nitrilotriacetic acid (NTA, 98%, Sigma
Aldrich), and Zn nitrate hexahydrate (Zn(NO3)2. 6H20, 98%, Alfa Aesar) were used as received.
Synthesis of ZnNTA mesocrystals: For synthesis of flower-like ZnNTA mesocrystals, a solution
of Zn(NO3)2 6H20 (1.92 mmol, 571 mg) in DMF (15 ml) was added to a solution of NTA (1.28
mmol, 245 mg) and HNO3 (3.84 mmol, 243 puL) in DMF (15 ml). The transparent, homogenous
mixture was heated in a Teflon-lined autoclave at 120 °C for 24 h, and then cooled down to
ambient temperature. The crystalline precipitates were washed with DMF for 3 times, followed
by drying under reduced pressure for 24 h at 85 °C.

ZnNTA mesocrystals derived N-doped hierarchically porous carbons (ZnNTA-x): As-made
ZnNTA mesocrystals were carbonized at 550, 700, 850 and 1000 °C for 2 h under N; flow in a
horizontal tubular furnace with a heating rate of 5 °C min™'. To remove ZnO, ZnNTA-(550, 700,
850) were immersed in 1 M HCI1 under gentle stirring overnight and washed with Milli-Q water
repeatedly, followed by drying under a reduced pressure for 24 h at 85 °C.

Characterizations: X-ray powder diffraction (XRD) was recorded on a Bruker D8 Advance
diffractometer equipped with a scintillation counter detector (KeveX Detector) with Cu-Ka
radiation (A = 0.154 nm). N2 adsorption and desorption experiments were performed using
Quantachrome Quadrasorb apparatus at 77 K. The samples were degassed at 150 °C for 20 h
before measurements and analyzed with the QuadraWin software (version 5.05). The SSAs
were calculated by the multipoint Brunauer—Emmett-Teller (BET) model (P/Pyp= 0.05-0.2).
Total pore volumes (Vi) were determined at P/Pp= 0.95. PSDs were calculated using quenched
solid density functional theory (QSDFT) method (adsorption branch kernel) for N> adsorbed on
carbon with a slit/cylindrical pore shape at 77 K. Micropore volumes given in Table 1 was the
cumulative pore volume at 2 nm determined by the QSDFT method. CO, physisorption
experiments were carried out at 273 K on the Quantachrome Autosorb 1Q apparatus. The
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determination of CO; over N selectivity (S) (at 273 K; for No/CO; ratio of 90/10) followed the
ideal adsorption solution theory (IAST) method and was calculated using following equation:
Xco Yy
Scoz/N2 = 2 X, X Z/Ycoz

where X is the molar ratio of CO; or N in the adsorbed phase and Y is the molar ratio in the gas
phase. Inductively coupled plasma-optical emission spectrometry (ICP-OES) was conducted
using a PerkinElmer Optima 8000 instrument, calibrated with standard solutions. For high-
resolution transmission electron microscopy (HRTEM) observations, a suspension of the
sample in ethanol was sonicated for 10 minutes and then drop-casted to a Cu grid with a lacey
carbon support and dried for 5 minutes. The HRTEM study was performed using a double Cs
corrected JEOL JEM-ARM200F (S)TEM operated at 80kV, equipped with a cold-field
emission gun and a Gatan Quantum GIF spectroscopy system. All electron energy loss spectra
have been collected at dispersion of 0.1eV/ch. Scanning electron microscopy (SEM) was
performed on a Zeiss LEO 1550 microscope operating at 3.0 kV. Thermogravimetric analysis
(TGA) was conducted with a Netzsch TG 209 F1 device under constant nitrogen or artificial
air flow in platinum pans at a heating rate of 10 °C min~! to 1000 °C. Elemental analysis was
performed with a vario MICRO cube CHNOS Elemental Analyzer in the CHNS mode. The
deviation for the estimated EA values were less than 0.30%. X-ray photoelectron spectroscopy
(XPS) measurements were performed using a Thermo Scientific K-Alpha+ X-ray Photoelectron
Spectrometer. Elemental compositions were determined using survey scans over a range of
13500 eV with a step size of 1.0 eV and a pass energy of 200 eV. Raman spectra were recorded
using a LabRam Aramis (Horiba Jobin Yvon) Raman microscope operating with an objective
(x100, spot size ~1 um) and a 514 nm Ar-ion laser (power on sample of 1 mW).
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Figure S1. Characterization of as-made ZnNTA mesocrystals. (a) XRD patterns. (b) FT-IR
spectra. XRD patterns and the FT-IR spectra of NTA and Zn nitrate hexahydrate are shown for
comparison. (¢) N2 physisorption isotherm and (d) corresponding pore size distribution
calculated by QSDFT. ZnNTA mesocrystals were prepared with the molar ratios of Zn/NTA =
1.5 and HNO3/NTA = 3.
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Figure S2. Effect of Zn/NTA molar ratio on crystal morphology and structure. SEM images of
(a) Zn/NTA =1, (b) Zn/NTA = 1.5, and (c) Zn/NTA = 2. (d) XRD patterns. (e) TGA profiles
under an artificial air flow. The same molar ratio HNO3/NTA = 3 was used.

i3
=
o
2]
>
S
=
P
o]
<
=
5
<
)
3
8
S
i
=
e
8
)
S
S
3
L)
Q
=
=
D
=
X
3]
8
o
3
=

. : N - - #’ : -
Figure S3. Effect of excess HNO3; on ZnNTA formation (r = HNO3/NTA). (a, b) mixture of
flower mesocrystals and nanocrystals at r = 4.5 and (c) amorphous aggregates at r = 6.
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Figure S4. Time dependent SEM studies for the flower mesocrystals prepared under the
standard synthesis conditions (Zn/NTA = 1.5 and HNO3/NTA = 3).




Figure S5. TGA profiles of as-made ZnNTA mesocrystals under constant N2 flow at a heating
rate of 10 °C min ™! to 1000 °C.
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Figure S6. XRD patterns of ZnNTA-X(E). (a) ZnNTA-X before HCI treatment. (b) ZnNTA-
XE after HCI treatment. ZnNTA-1000 was not treated with HCI.
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Figure S7. SEM images (a, b), N2 physisorption isotherm (c), and corresponding differential
PSD (d) of ZnNTA-550 after pyrolysis.
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Figure S8. SEM images (a, b), N2 physisorption isotherm (c), and corresponding differential
PSD (d) of ZnNTA-700 after pyrolysis.
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Figure S9. TGA profiles of ZnNTA-X under constant air flow at a heating rate of 10 °C min"
to 1000 °C.
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Figure S10. SEM images (a, b), N2 physisorption isotherm (c), and corresponding differential
PSD (d) of ZnNTA-850 after pyrolysis.
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Figure S11. SEM images of ZnNTA-1000 after yysis.
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Figure S12. SEM images of ZnNTA-XE after HCI etching.
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Figure S15. Deconvoluted Cls XPS spectra of ZnNTA-550E (a), ZnNTA-700E (b), ZnNTA-
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Figure S16. Electron energy loss spectra obtained from ZnNTA samples obtained at different
pyrolysis temperatures.
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Figure S17. Deconvoluted Raman spectra of ZnNTA-550E (a), ZnNTA-700E (b), ZnNTA-
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Table S1. Preparation method and materials properties of carbon flowers in literature.

Preparation Method | Additional Surface | Pore Nitrogen Ref.
carbon/ area volume content
nitrogen source | [m*g!] | [em3g]
Solvothermal mesocrystal None 970-1605 0.95-2.19 3.4-14.1 at% This
synthesis work
Polymerization, NH; 983-1375 0.53-1.02 2.35-3.46 wt% 15
solvothermal synthesis
NHj activation
Template (urchin-like Chitosan/acetate 482-873 1.22-1.69 4.51-7.82 at% 16
silica), hydrothermal
reaction
Hydrothermal synthesis None 404-796 N/A N/A 17
Template (Zinc oxide) Pitch 376-762 0.45-0.49 N/A 18
Template (Zinc oxide), Pitch 1117-2539 1.16-1.48 N/A 19
chemical activation
Radical NH;3 60-803 0.436-0.654 7-15 at% 20
(co)polymerization, CO, or
NH; activation
Hydrothermal  synthesis, NH; 77-614 0.23-0.49 0.84-4.0 wt% 21
NH; activation
Template pyrrole, aniline, 456-1039 N/A 4.16-6.38 at% 22
(mesoporous silica ) phenanthroline
Dual templates phenylenediamine 260 N/A 4 wt% 23
(layered double hydroxide
nanosheets and  block
copolymer)
Polymerization, None 216 0.139 2.36 at% 24
solvothermal synthesis
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