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ARTICLE INFO ABSTRACT

Communicated by: James J. De Yoreo Reproducible size and morphology of metal-organic framework (MOF) particles are essential for tuning these
materials for applications like heterogeneous catalysis. Particle size measurements from electron micrographs
provide information about the impact of changing synthetic parameters on MOF growth, but reported data are
usually limited to averages and statistical distributions. Further elucidating synthetic control parameters could
facilitate studies of facet-dependent and non-classical growth mechanisms. In this work, phase-pure nano-
particles of the MOF UiO-66 were synthesized using alternating spikes of zirconium and hafnium-based nodes,
forming an onion-like structure with alternating layers of Zr-UiO-66 and Hf-UiO-66. In conventional, bright-field
transmission electron micrographs, Hf-UiO-66 and Zr-UiO-66 layers appeared darker and lighter, respectively.
Alternating layers of Hf-UiO-66 and Zr-UiO-66 were also apparent in elemental maps obtained using scanning
transmission electron microscopy with energy-dispersive X-ray spectroscopy. Average particle sizes increased
monotonically with each spike, and no Zr-only or Hf-only particles were observed after the first spike, indicating
that new material was consistently incorporated onto existing seeds. Surface area of the onion-like particles and
their uptake of Ni?* from solution were both between the values measured for Zr-UiO-66 and Hf-UiO-66. Results
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demonstrate the use of sequential spikes of nodes in monitoring crystal growth in MOFs.

1. Introduction

Metal-organic frameworks (MOFs) are a widely studied family of
porous crystalline materials comprising inorganic nodes, which are
typically metal ions or metal-oxide or metal-hydroxide clusters, coor-
dinated to organic linkers. The extensive variety of available metal-
linker combinations gives rise to a diversity of structures with applica-
tions that include heterogeneous catalysis, [1] gas storage and separa-
tion, [2] chemical sensing, [3] electronics, [4] and drug delivery [5]. To
obtain homogeneous samples fine-tuned for specific applications,
reproducible control over MOF physical properties and reactivities is
necessary [6]. Methods for tuning particle size, [7] phase purity, [8]
porosity, [9] catalytic function, [10] and other properties have been
studied at length. Further understanding of MOF growth mechanisms
and reactive sites is critical to designing experiments investigating these
important parameters [11].

Nucleation and crystal growth of MOFs have been studied using in
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situ microscopy [12,13] X-ray diffraction, [14] and other techniques
[15-17]. However, the complex and uncommon setups required for in
situ instrumentation make them challenging to use in routine experi-
ments. Results from ex situ post-synthetic characterization are common
in the MOF literature, especially for determining particle size [18] and
morphology [19] by transmission and scanning electron microscopies
(TEM and SEM, respectively) and powder X-ray diffraction (XRD). Par-
ticle size measurements from TEM and SEM images are useful for
quantifying growth but are usually limited to average size distributions
over numerous particles, although the amount of material characterized
is but a tiny amount (typically a fraction of a picogram even over hun-
dreds of particle size measurements). Phase identification and particle
size measurements using XRD amount to weighted averages. Addition-
ally, multimodal size distributions and mixtures of morphologies and
phases often complicate the study of crystal growth using methods based
on microscopy and scattering. A further confounding factor is that
crystal growth typically occurs by multiple mechanisms, [20] which
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may include non-classical crystal growth mechanisms like oriented
attachment [21]. A more detailed understanding of such processes is
aided by the sub-nanometer length scale characterization of nano-
particles collected at different stages of crystal growth.

The archetypal MOF UiO-66 is constructed from Zrg(p3-0)4(p3-OH)4
nodes that are each coordinated to 12 benzene-1,4-dicarboxylate (BDC)
linkers in a face-centered cubic structure (Fig. 1). Like other zirconium-
based MOFs, UiO-66 generally exhibits high thermal and chemical sta-
bility [22,23]. Hafnium and zirconium-based UiO-66 are isostructural
[24] and have similar physical and chemical properties, but the higher
oxophilicity of Hf (Hf-O and Zr-O bond dissociation energies, BDEs, are
801 and 766 kJ mol’l, respectively) makes Hf-UiO-66 more Brgnsted
acidic and resistant to decomposition than Zr-UiO-66 [25,26]. Acid
modulators are commonly used to synthesize crystalline UiO-66 with
controlled particle size, [27] and the product materials can then be
modified to tune reactivity for specific applications. Examples of these
modifications include installation of metal cations or complexes [28]
onto the metal nodes and organic functionalization of the BDC linker
[29].

Hierarchical MOF-on-MOF structures with enhanced adsorptive and
luminescent properties, as compared to their constituent MOFs, have
been reported with UiO-66 cores [30] and shells, [31] respectively.
These hybrid materials are prepared by injecting seed crystals of one
MOF (the core) into a reaction vessel containing precursor components
of another MOF, which can result in the growth of a shell of the new
material around the original seeds [30,31]. Promoting heterogrowth
onto the seed crystals typically requires close structural compatibility (e.
g., similar lattice parameters or spacings between metal nodes at specific
crystallographic faces) between the core and shell MOFs [32]. Structural
compatibility can be achieved by varying the metal cation [33,34] or the
linker [35] with each spike of precursor, such that the core and shell
MOFs are isostructural. For example, particles with a Zr-UiO-67 core and

A B

Fig. 1. Structure of UiO-66 showing an octahedral Zrg node (A), benzene-1,4-
dicarboxylic acid linker (B), and polyhedral representation of the crystal
structure (C). Hydrogen atoms in (C) are omitted for clarity.
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Hf-UiO-67 shell (UiO-67 is a linker-expanded analogue of UiO-66) have
been synthesized by Luo et al. [36].

In this work, we used a similar seed-mediated sequential spike
growth strategy to synthesize onion-like UiO-66 nanoparticles with
alternating layers of Zr-based and Hf-based nodes, denoted as Zr-Hf-Zr-
Hf-UiO-66. Product crystals consistently contain a distinct Zr-UiO-66
core and three layers of Hf-UiO-66 or Zr-UiO-66, with boundaries be-
tween Hf and Zr-rich regions that are clearly resolvable via conventional
TEM and scanning TEM with energy-dispersive X-ray spectroscopy
(STEM-EDS). Post-synthesis, nanoparticles were subjected to a simple
solution-based deposition procedure to install Ni?* cations onto the
MOF, which enabled the evaluation of the accessibility of the metal
nodes from a catalysis perspective. STEM-EDS results demonstrate that
Ni2* is present at modestly higher Ni>*:node ratios in the core as
compared to the outer layers. The sequential spike crystal growth
technique provides a straightforward marker of the location and extent
of crystal growth in UiO-66 and can be applied to other MOFs.

2. Experimental
2.1. Materials and methods

Zirconium(IV) chloride, 99.5 % (ZrCl4, Sigma-Aldrich); hafnium(IV)
chloride, 98 % (HfCly, Sigma-Aldrich); benzoic acid, 99.5 % (BA, Sigma-
Aldrich); terephthalic acid, 98 % (BDC, Sigma-Aldrich); N,N-dime-
thylformamide, 99.8 % (DMF, Fisher); acetone, 99.5 % (Fisher); nickel
(II) acetate tetrahydrate, 99 % (Ni(OAc)y-4H20, Acros Organics);
methanol, 99.8 % (Sigma-Aldrich); dimethyl sulfoxide-dg, 99.9 %
(DMSO-dg, Cambridge Isotope); sulfuric acid-ds, 96-98 % (D2SO4,
Sigma-Aldrich); nitric acid, 70 % (HNOs, Sigma-Aldrich); hydrochloric
acid, 36.5-38 % (HCl, VWR Analytical); and sulfuric acid, 95-98 %
(HS04, Sigma-Aldrich) were used without further purification. All
water used was purified using a Milli-Q Advantage A10 water purifica-
tion system and had a resistivity of 18.2 MQ-cm.

All reactions were performed without stirring in 20 mL scintillation
vials in an aluminum heating block on a hot plate equipped with an IKA
ETS-D5 programmable temperature probe. Ultrasonication was per-
formed using a Branson 3800 Ultrasonic Cleaner. Centrifugation was
performed using an Eppendorf Centrifuge 5804 with an FA-45-6-30
rotor.

2.2. Synthesis of Zr-Hf-UiO-66

Zr-Hf-UiO-66 was synthesized using a benzoic acid-modulated sol-
vothermal procedure adapted from Schaate et al. [37] To prepare a Zr
node solution, ZrCl; (20 mg, 0.0858 mmol) and BA (628.8 mg, 5.15
mmol) were suspended by ultrasonication in 8 mL DMF and heated at
100 °C for 1 h. A solution of BDC (14.3 mg, 0.0861 mmol) in 2 mL DMF
was added, and the reaction mixture was heated at 100 °C for 48 h. The
white Zr-UiO-66 product was isolated by centrifugation for 5 min at
10,000 rpm (13,776 rcf) and washed three times with 5 mL DMF. To
prepare for a spike, the entire product was resuspended in 4.5 mL DMF.
Meanwhile, a Hf node solution was prepared identically to the Zr node
solution but with HfCl4 (27.5 mg, 0.0859 mmol) instead of ZrCl, in 4.5
mL DMF. The suspension of Zr-UiO-66 and a solution of BDC (14.3 mg,
0.0861 mmol) in 1 mL DMF were added to the Hf node solution, and the
reaction mixture was heated at 100 °C for 48 h. The final Zr-Hf-UiO-66
product was washed three times with 5 mL DMF and three times with 5
mL acetone before drying under ambient conditions. Yield: 26.9 mg (49
%).

2.3. Synthesis of Zr-Hf-Zr-Hf-UiO-66

Zr-Hf-Zr-Hf-UiO-66 was synthesized as above but with one addi-
tional spike each of the Zr and Hf node solutions. Yield: 80.8 mg (75 %).
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2.4. Synthesis of Zr-UiO-66 and Hf-UiO-66

Zr-Ui0-66 and Hf-UiO-66 were synthesized following the procedure
for Zr-Hf-Zr-Hf-UiO-66 but with repeated spikes of only Zr or Hf node
solutions, respectively. Yields: 108.5 mg (115 %) and 91.6 mg (74 %) for
Zr-UiO-66 and Hf-UiO-66, respectively.

2.5. Ni loading

The solvothermal deposition of Ni®" into product materials was
adapted from the procedure described by Wang et al., who reported the
loading of Ni?* into NU-1000, a MOF containing the same Zrg nodes as
Ui0-66 [38]. UiO-66 particles (~10 mg) were suspended by ultra-
sonication in a solution of Ni(OAc),-4H>0 (5 mg, 0.02 mmol) in 10 mL
methanol and heated at 60 °C for 18 h. The white Ni@UiO-66 product
was washed three times with 5 mL methanol and three times with 5 mL
acetone before drying under ambient conditions. This procedure was
performed with Zr-UiO-66, Hf-UiO-66, Zr-Hf-UiO-66, and Zr-Hf-Zr-Hf-
Ui0-66.

2.6. Characterization

XRD was performed on a PANalytical X’Pert Pro MPD diffractometer
equipped with an X’Celerator detector in Bragg-Brentano geometry. All
measurements were taken using Co Ko radiation (4 = 1.79 10\) at an
accelerating voltage of 45 kV and an emission current of 40 mA. A 26
range of 5-70° and a dwell time of 50 s were used.

N, isotherms were collected using a Quantachrome Autosorb iQ, and
multi-point Brunauer-Emmett-Teller (BET) surface areas were calcu-
lated using the ASiQWin software using relative pressure (P/Pg) ranges
of 0.05-0.20 (Zr-UiO-66 and Zr-Hf-Zr-Hf-UiO-66) and 0.05-0.25 (Hf-
Ui0O-66). Isotherms were collected at 77 K after activating ~ 40 mg of
sample for 24 h at 60 °C at atmospheric pressure and degassing under
vacuum for 12 h at 150 °C.

TEM was performed using an FEI Tecnai T12 TEM with a LaBg fila-
ment, operated at an accelerating voltage of 120 kV. Particle sizes are
reported as upper estimates, as measured by a straight line across the
largest dimension of the particle in TEM images using ImageJ software
(Figure S1).

STEM imaging and STEM-EDS were performed using an FEI Titan G2
field emission S/TEM or a Thermo Fisher TALOS F200X field emission S/
TEM, both operated at an accelerating voltage of 200 kV. High-angle
annular dark field (HAADF) images were collected using the E. A.
Fischione Model 3000 annular detector. EDS spectra were obtained
using the Super-X G1 EDS system and ESPRIT software on the Titan and
using the Super-X G2 EDS system and Velox software on the TALOS.
Quantitation of EDS spectra was performed using the Ka lines for Zr, Ni,
and O and the La line for Hf.

Proton nuclear magnetic resonance (*H NMR) spectroscopy was
performed using a Bruker Avance III HD 400 MHz NMR spectrometer.
To prepare a sample, UiO-66 (2-5 mg) was digested in 1 mL DMSO-dg
with 3 drops of D2SO4 at 70 °C for 30 min. After cooling to room tem-
perature, the optically clear solution was transferred to an NMR tube for
analysis.

Inductively coupled plasma-optical emission spectroscopy (ICP-OES)
was performed using a Thermo Scientific iCAP 7400 ICP-OES in radial
mode using argon as a carrier gas. Peak areas were recorded in
quadruplicate at 327.305, 277.336, and 221.647 nm for Zr, Hf, and Ni
respectively. To prepare a sample, UiO-66 (2 mg) was digested in 1 mL
concentrated HCl with 2 drops of concentrated H>SO4 at 70 °C for 30
min. After cooling to room temperature, 100 pL of the optically clear
solution was diluted with 9 mL of water, and 1 mL of this solution was
diluted with 10 mL of 1 % HNOs. To construct calibration curves, 5
standards containing 0.05-2.5 ppm Zr, Hf, and Ni were prepared by
serial dilution of aqueous stock solutions of ZrCls, HfCls, and Ni
(OAc)2-4H20 (2000 ppm in each metal) in 0.015 M HC1/0.105 M HNOg
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to match the acid background from sample digestion.
3. Results and discussion

Sequential spike crystal growth, in which the Zr and Hf-based nodes
were alternated, resulted in the formation of onion-like Zr-Hf-UiO-66
and Zr-Hf-Zr-Hf-UiO-66 particles. Powder XRD patterns of Zr-UiO-66,
Hf-UiO-66, Zr-Hf-Zr-Hf-Ui0-66 (Fig. 2A) and Zr-Hf-UiO-66 (Figure S3)
demonstrate high crystallinity and phase purity, with no evidence for
impurity phases detected. The agreement in d-spacings and relative peak
heights among samples supports that Zr-UiO-66 and Hf-UiO-66 are
isostructural and that the crystal structure does not change detectably
with each sequential spike. Reflections at 14° 26 in the synthesized
materials are due to residual solvent molecules in the pores of the
framework [39].

All samples exhibit type I Ny sorption isotherms (Fig. 2B), charac-
teristic of microporous UiO-66. The sharp increases in the volume of
adsorbed gas near P/Py = 1, which are often observed with nano-
crystalline materials, may be due to interparticle voids [40]. The BET
surface area of 1163 m?/g for Zr-UiO-66 is comparable to calculated and
reported values [39]. The BET surface area of 885 m2/ g for Hf-UiO-66
agrees well with the predicted value of 888 m2/g, which was calcu-
lated by dividing the Zr-UiO-66 surface area by 1.31 (Hf-UiO-66 is 31 %
denser than Zr-UiO-66). Computing an average of the measured surface
areas of Zr-UiO-66 and Hf-UiO-66 weighted by their densities yields a
theoretical surface area of 1005 m?/g for Zr-Hf-Zr-Hf-UiO-66, which is
near the measured value of 1117 m?/g. The observation that the
experimental surface area is somewhat higher than the predicted one is
consistent with the Zr:Hf molar ratio of 1.3 in the material, as deter-
mined using EDS and ICP-OES methods (see below).

Pore size distributions (Figure S5) show the presence of 5.5 and 11.5
A pores, which have been described for UiO-66 in which 4 of the possible
12 linkers per node are missing. However, the BET surface areas were
lower than what has previously been reported for Zr-UiO-66 with such
defects (~1500 mz/g) [41]. Incomplete activation of the materials
before sorption measurements could lead to residual solvent in the pores
and decreased surface areas. The discrepancy between experimental and
literature values may also be a consequence of the BET method itself,
which is known to produce considerably different surface areas for the
same sample depending on the parameters used [42].

Peak integrations in 'H NMR spectra of the acid-digested materials
(Figure S6) yield linker:modulator molar ratios of 1.0, 0.97, and 0.99 for
Zr-Ui0-66, Hf-UiO-66, and Zr-Hf-Zr-Hf-Ui0-66, respectively, which are
in excellent agreement with the presence of benzoate modulators in
vacant sites from 4 missing BDC linkers per node. Missing-linker defects
in UiO-66 are desirable because they allow access to coordination sites
on the metal nodes for catalysis [43] or drug delivery, [44] but they may
also compromise the thermal stability of the material [45].

Bright field TEM images of Zr-UiO-66, Hf-UiO-66, Zr-Hf-Zr-Hf-UiO-
66 (Fig. 3) and Zr-Hf-UiO-66 (Figure S2) are consistent with the
typical octahedral morphology of UiO-66, [37] with the triangular
{111} facets appearing well defined. No evidence of large defects be-
tween Zr and Hf layers or impurity phases was observed. In Zr-Hf-UiO-
66 and Zr-Hf-Zr-Hf-UiO-66, clear mass-thickness contrast corresponding
to alternating layers of Zr and Hf-rich regions was observed. Because a
constant amount of precursor material was added to the synthesis with
each spike experiment, the layer thickness is expected to decrease with
each added layer as the particle size (and thus outer surface area) in-
creases. This prediction is consistent with the very thin and often diffi-
cult to identify outer Hf layer in particles of Zr-Hf-Zr-Hf-UiO-66.
However, all particles observed in TEM images of the Zr-Hf-Zr-Hf-UiO-
66 sample exhibited mass-thickness contrast accordant with the pres-
ence of at least two layers of material around the Zr-UiO-66 core. This
indicates the lack of Zr-only or Hf-only particles or core-shell particles
with fewer layers.

STEM-EDS data of representative Zr-Hf-UiO-66 (Figure S7) and Zr-
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Fig. 2. Powder XRD patterns using Co Ka radiation (A) and N, sorption isotherms at 77 K (B) of Zr-UiO-66, Hf-UiO-66, and onion-like Zr-Hf-Zr-Hf-UiO-66. Surface
areas in (B) were calculated using multi-point BET plots with relative pressure ranges of 0.05-0.20 (Zr-UiO-66 and Zr-Hf-Zr-Hf-UiO-66 and 0.05-0.25 (Hf-UiO-66).

Fig. 3. Bright-field TEM images of Zr-UiO-66 (A-B), Hf-UiO-66 (C-D), and
onion-like Zr-Hf-Zr-Hf-UiO-66 (E-F). Scale bars represent 200 nm (A, C, E) and
100 nm (B, D, F).

Hf-Zr-Hf-UiO-66 (Fig. 4) particles also demonstrate the presence of
discrete Zr and Hf layers. Rings of alternating increases in Zr and Hf
signals in the elemental maps correlate with areas of mass-thickness and
Z-contrast observed in bright-field TEM and HAADF-STEM images,
respectively. The outer Hf layer, which was often too thin to be resolved

Fig. 4. High-angle annular dark field (HAADF) image and EDS elemental maps
of onion-like Zr-Hf-Zr-Hf-UiO-66. Scale bars represent 300 nm.

in HAADF or bright-field images, is visible in Hf EDS maps. The oxygen
EDS map shows no evidence of variation in oxygen content across the
particle diameter.

The average Zr:Hf molar ratio in the Zr-Hf-Zr-Hf-UiO-66 nano-
particles was 1.3 £ 0.2 (as measured by EDS spectra of individual par-
ticles, N = 12), 1.4 + 0.4 (based on approximating layers as spherical
shells and thickness measurements from HAADF images, N = 12), and
1.29 £ 0.06 (as measured using ICP-OES analysis of a digestion solution
of the materials). All three values are in good agreement, and the rela-
tively small standard deviations suggest that the Zr:Hf ratio does not
vary significantly between particles. All three experimental Zr:Hf ratios
of ca. 1.3 are higher than the theoretical ratio of 1.0 predicted using the
equimolar amounts of Zr and Hf precursors added in the seed synthesis
and subsequent alternating spikes. This indicates lower yields from
spikes of Hf material, which was consistent with the observed yields of
Hf-Ui0-66 (74 %), Zr-Hf-Ui0-66 (49 %), and Zr-Hf-Zr-Hf-UiO-66 (75 %)
as compared to Zr-UiO-66 (115 %). The greater than 100 % experi-
mental yield of Zr-UiO-66 is likely because of residual solvent in the
pores of the MOF. Slower growth rates of Hf nodes onto seed particles
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could cause the lower yields of Hf-containing material. Increasing the
reaction time may permit the growth of more Hf-UiO-66, which would
shift the Zr:Hf ratio closer to unity.

Size distributions (Fig. 5) were measured after the initial syntheses of
the seed crystals and after each spike of nodes and linker. The initial
synthesis of Zr-UiO-66 seeds yielded a unimodal size distribution
(Fig. 5A) with an average size of 110 + 40 nm. The average size
increased monotonically over 3 identical spikes of Zr-based nodes, while
the standard deviation did not change appreciably. A similar trend was
observed for Zr-Hf-Zr-Hf-UiO-66 (Fig. 5C), which initially had an
average size of 80 £+ 30 nm. These data are consistent with the deposi-
tion of new material onto existing particles rather than the nucleation of
new crystals, which we would expect to result in an increasing standard
deviation and a multimodal size distribution. Furthermore, the lack of
Zr-only or Hf-only particles in TEM images of the Zr-Hf-Zr-Hf-UiO-66
sample supports the hypothesis that secondary nucleation did not
occur. Even though the batch of Zr-Hf-Zr-Hf-UiO-66 contained the
requisite starting material for the growth of individual Zr-UiO-66 and
Hf-UiO-66 particles, the propensity for core-shell growth over nucle-
ation was clear. On the other hand, the initial synthesis of Hf-UiO-66
seeds yielded a broad unimodal size distribution (Fig. 5B) with an
average size of 400 £+ 100 nm, roughly 4-5 times larger than Zr-UiO-66
and Zr-Hf-Zr-Hf-UiO-66. Large particle sizes and poor monodispersity of
Hf-UiO-66 have also been reported by deKrafft et al.;[24] we hypothe-
size that the increased oxophilicity of Hf is a salient factor. With a Hf-O
BDE ~ 5 % higher than that of Zr-O, [26] dissociation of the benzoate
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modulator from the Hf node to expose a vacant site for linker coordi-
nation is less favorable. Such a shift in equilibrium would slow nucle-
ation and growth, leading to the formation of a few large particles rather
than many small ones. The observed yields of Hf-containing UiO-66,
which were lower than that of Zr-UiO-66, also suggest slower nucleation
and growth of Hf-UiO-66. Secondary nucleation could explain the
broader size distribution, as compared to the more monodisperse Zr-
Ui0-66 seeds, if nucleation of small Hf-UiO-66 particles continues as
larger ones grow.

The first spike of metal nodes onto Hf-UiO-66 seed crystals produced
a bimodal distribution of particle sizes with peaks centered around 100
nm and 550 nm. This means that new material was not consistently
incorporated onto the initial seed particles. This phenomenon was
reproducible over several identical syntheses but did not seem to
negatively affect particle crystallinity or BET surface area. Ostwald
ripening, whereby larger, more thermodynamically stable particles
grow at the expense of smaller ones, could give rise to the observed
bimodal size distribution in Hf-UiO-66. Liu et al. have controlled the
extent of Ostwald ripening to deposit Zr-UiO-66 shells onto inorganic
nanoparticles, [46] and it is reasonable to assume that similar ripening
mechanisms are at play in the growth of Hf-UiO-66 in our work. Ongoing
nucleation during the 48-h reaction period would also explain the
emergence of a population of small particles while larger ones are still
present. Interestingly, after the first spike, the general shape of the
particle size distribution is consistent across subsequent spikes, with the
two peaks simply moving to larger and larger sizes.
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Fig. 5. Violin plots showing particle size distributions of Zr-UiO-66 (A), Hf-UiO-66 (B), and onion-like Zr-Hf-Zr-Hf-UiO-66 (C) and average sizes (D) after initial
synthesis of seed particles and each spike of metal nodes and linker. Shape widths in (A-C) represent the relative number of measurements for each particle size, and

error bars in (D) are + 1 S.D. (343 < N < 536).
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Ripening appears to be less important in the syntheses of Zr-UiO-66
and Zr-Hf-Zr-Hf-UiO-66, as neither exhibit bimodal size distributions
after adding spikes of starting material and both exhibit particle size
distributions with similar shapes after each subsequent spike. Moreover,
the addition of Hf-based nodes to the suspension containing the Zr-UiO-
66 seeds does not cause the same change in particle size distribution as
observed with the spike of Hf-based nodes onto the Hf-UiO-66 seeds.
This is consistent with the growth on the Zr-UiO-66 seeds being favored
over nucleation of new Hf-UiO-66 particles. Because the crystal growth
of Zr-Hf-Zr-Hf-UiO-66 was more like that of Zr-UiO-66 than Hf-UiO-66,
we propose that the size distribution of seed particles and the identity of
the core MOF are key factors in the growth of the onion-like material. It
follows that control over particle size of onion-like UiO-66 with cores of
Hf material may be substantially more difficult.

To characterize the onion-like particles from the perspective of their
potential to serve as scaffolds for reactive sites, product materials were
infiltrated with methanolic solutions of Ni(OAc),-4H50. The nickel-
loaded materials, which were designated Ni@Zr-UiO-66, Ni@Hf-UiO-
66, Ni@Zr-Hf-UiO-66, and Ni@Zr-Hf-Zr-Hf-UiO-66, were successfully
prepared with little to no loss of crystallinity, as characterized using XRD
(Figure S4). Nickel was observed throughout the particles in EDS
elemental maps (Fig. 6), but the average loading of 1.7 Ni atoms per
node in Ni@Hf-UiO-66 is substantially higher than the value of 1.1 Ni
atoms per node in Ni@Zr-UiO-66 (Table 1). Higher Ni%t occupancies
have been reported in nickel-loaded Hf-NU-1000 than Zr-NU-1000 (NU-
1000 has the same nodes as UiO-66), and the bonding motifs of Ni2t
cations coordinated to the oxygen atoms of the nodes are known to differ
between the two materials [38]. Though comparisons of solvothermal
deposition of metal cations into Zr-UiO-66 and Hf-UiO-66 have not been
discussed in the literature, our results align with the higher Brgnsted
acidity of Hf-UiO-66. That is, a higher population of deprotonated ox-
ygen atoms in Hf-UiO-66 may accept more Ni%* cations per node than in
Zr-UiO-66.

Average Ni?* occupancy in Ni@Zr-Hf-Zr-Hf-UiO-66 is intermediate
(~1.3 Ni atoms per node) between Ni@Zr-UiO-66 and Ni@Hf-UiO-66,
which is consistent with the presence of Ni in both Zr and Hf regions
in STEM-EDS maps. We hypothesized that the Ni®* to node ratios in Zr-
rich and Hf-rich layers in Ni@Zr-Hf-Zr-Hf-UiO-66 would follow the
trend seen in the measurements for Ni@Zr-UiO-66 and Ni@Hf-UiO-66,
respectively, with distinct bands of Ni-rich regions in the Hf layers

A HAADF o

Ni@Zr-Hf-Zr-Hf-UiO-66

Ni@Zr-UiO-66

Ni@Hf-UiO-66
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predicted. Variations in Ni* content are not discernable in the EDS
maps of Ni@Zr-Hf-Zr-Hf-UiO-66 particles. However, spectra generated
from different regions of the STEM-EDS maps (Figure S8) enabled
quantitation of Ni2* loading in each layer of the particles. In both
Ni@Zr-Hf-Ui0-66 and Ni@Zr-Hf-Zr-Hf-UiO-66, a significant difference
between the Ni:Mg ratios, where Mg is the sum of Zrg and Hfg nodes, in
the Zr-rich versus Hf-rich layers is discernable, with higher Ni:Mg ratios
observed for the Zr-rich regions as compared to the Hf-rich regions of the
particles (Table S1). This apparent reversal of affinity of Ni2* for Zr-UiO-
66 as compared to Hf-UiO-66 is surprising. One possible explanation is
the leaching of Ni2* from the outermost layers during the washing steps,
leaving more Ni?* in the Zr-rich core. Indeed, a similar analysis of
Ni@Zr-UiO-66 and Ni@Hf-UiO-66 reveals that Ni:Mg ratios are lower
near the edges of the particle as compared to the center (Figure S8 and
Table S2). In Ni@Zr-UiO-66 and Ni@Hf-UiO-66, respectively, the Ni:Mg
ratios are ~ 30 % and ~ 10 % lower at the particle edges than near the
middle. These findings suggest that the variation in Ni?>* content across
the onion-like particles could simply be an effect of washing post-
deposition, though the more Brgnsted acidic Hf-UiO-66 seems to
retain more Ni?* than Zr-UiO-66 upon washing. Despite this unantici-
pated result, our work does demonstrate that transition metal ions or
complexes may be post-synthetically installed into UiO-66 nanoparticles
with distinct layers of Zr-rich and Hf-rich material. Differences in metal
cation reactivity in such materials, or perhaps even those containing
mixtures of Zr-based and Hf-based nodes or nodes containing both metal
cations, could offer a unique route to controlling catalysis and chemical
sensing.

Previous work on facet-dependent growth [34,47,48] and reactivity
[49,50] of MOFs invites additional investigation of the location and
behavior of active sites. While octahedral UiO-66 particles have cubic
symmetry and eight crystallographically identical facets, using sequen-
tial spikes of different metal precursors as outlined in this work could
differentiate the reactivities of distinct crystal facets in systems with
lower symmetry. Good candidates for sequential spike crystal growth
experiments include MOFs with hexagonal symmetry like NU-1000,
which has been prepared with Zr, [10] Hf, [51] and Ce-based [52]
nodes, and MIL-68, whose Al, [53] Ga, In, [54] Fe, [55] and V [56]
analogues have been reported. By measuring the location and extent of
the growth on seed crystals, additional morphological information may
be accessed beyond gross estimates using XRD or other methods. Such

Zr Hf Ni

Fig. 6. High-angle annular dark field (HAADF) images and EDS elemental maps of nickel-loaded Zr-UiO-66, Hf-UiO-66, and onion-like Zr-Hf-Zr-Hf-UiO-66. Scale

bars represent 200 nm.
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Table 1

Nickel to metal node (Mg) ratios in nickel-loaded Zr-UiO-66, Hf-UiO-66, and
onion-like Zr-Hf-Zr-Hf-UiO-66, as measured by EDS spectra and ICP-OES. Un-
certainties are + 1 S.D. (N = 10-12 particles for EDS).

Sample Ni:Mg

EDS ICP-OES
Ni@Zr-Hf-Zr-Hf-UiO-66 1.3+0.2 1.4 +0.2
Ni@Zr-UiO-66 1.1+0.2 1.1+0.3
Ni@Hf-UiO-66 1.7 +£05 1.7+ 0.4

information is indispensable in the study of non-classical phenomena
like oriented attachment/aggregation growth. Results could also inform
computational models on anisotropic crystal growth. Finally, the range
of metal cations used to construct MOFs in the literature allows this
technique to be generalized to numerous systems.

4. Conclusion

Sequential spikes of starting material were used to synthesize crys-
talline, phase-pure nanoparticles of Zr-Hf-Zr-Hf-UiO-66 with an onion-
like microstructure. Discrete regions of Zr and Hf nodes are apparent
via mass-thickness contrast in bright-field TEM and Z-contrast in
HAADF-STEM. Particles of Zr-Hf-Zr-Hf-UiO-66 contain ~ 30 % more Zr
than Hf despite equimolar inputs of Zr and Hf starting material, which is
likely a consequence of faster growth of the Zr-containing material.
Particle size distributions, TEM images, and STEM-EDS elemental maps
support our hypothesis that material from each spike was incorporated
onto existing seed crystals instead of nucleating as new ones. Ni** cat-
ions were successfully installed into the materials, and Ni** loading was
characterized using STEM-EDS, giving increasing Ni?*:node ratios in the
order Zr-UiO-66 < Zr-Hf-Zr-Hf-UiO-66 < Hf-UiO-66. Alternating layers
of Zr and Hf-rich regions in Zr-Hf-Zr-Hf-UiO-66 were a simple aid in the
visualization of crystal growth of individual MOF particles. This pro-
cedure may easily be extended to other MOFs to investigate reactive
sites and facet-dependent growth mechanisms.
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