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Probing nanoscale functionalities of
metal—organic framework nanocrystals+t

2 Zhigang Hu, €2 Dan Zhao @ ** and Kaiyang Zeng

Experimental investigation of functional properties of metal-organic frameworks (MOFs) at nanoscale
precision is challenging and rarely reported. In this study, we report the piezo- and ferroelectric properties
of NUS-6 MOF nanocrystals using dual AC resonance tracking piezoresponse force microscopy and
piezoresponse force spectroscopy for the first time. Both NUS-6-(Hf) and NUS-6-(Zr) nanocrystals dis-
played anomalous piezoelectricity with the calculated piezoelectric coefficient d,, constants of 2.0-3.5
pm V™t and 1.5-2.5 pm V7%, respectively. Moreover, NUS-6-(Hf) showed much better polarization-
switching behaviors (ferroelectricity) than NUS-6-(Zr), featured by very low coercive biases in the ferro-
electric hysteresis (PR) loop. Furthermore, elasticity and thermal stability of the NUS-6 nanocrystals have
been presented. The results have opened a realm of probing piezo- and ferro-electric properties as well
as mechanical properties of MOF nanocrystals, which are promising materials for applications in

rsc.li/nanoscale

Introduction

Piezoelectricity is an effect via which dielectric materials can
produce electrical charges in the presence of a force and vice
versa." With the development of integrated microelectromecha-
nical systems (MEMS) in the 1980s, piezoelectric materials
have been playing an indispensable role in our daily life.> For
example, MEMS have various applications in automotive
industry, smart phones, etc.,> whereas the core components
are dominantly made of silicon-based piezoelectric materials.
Similarly, ferroelectricity is defined as a phenomenon in
which materials exhibit a spontaneous and reversible polariz-
ation under external electric fields.* In addition to the hydro-
gen-bonded and non-hydrogen-bonded ferroelectrics, many in-
organic compounds, liquid crystals, and polymers have been
found to be ferroelectric active and are used in various piezo-
electric, pyroelectric, and optical devices such as ferroelectric
random access memories (FeRAM) and field-effect transistors.”
However, traditional piezo/ferroelectric materials (transition
metal oxide-based) are relatively expensive, require high temp-
erature for polar reorientation, and lack flexibility.®”
Compared to inorganic compounds, organic and hybrid
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integrated microelectromechanical systems (MEMS).

materials are promising because of their low costs, high
flexibility, and processability.®

Metal-organic frameworks (MOFs) are newly emerging in-
organic and organic hybrid materials constructed by direc-
tional coordination bonds between metal ions/clusters and
organic ligands.” In general, although many studies have
been conducted on gas storage, separation, and purification,
as well as catalysis applications of the MOFs,"> only few
studies have been reported on their piezo- and ferroelectric
properties. In fact, because of wide tunability in organic
ligands and metal clusters as well as the incorporation of
internal host-guest interactions, MOFs can be, in principle,
tuned for ferroelectric, magnetic, and multiferroic appli-
cations.'®'” For example, Cheetham and colleagues reported
the first lead-free hybrid frameworks ([(CH3),NH,]M(HCOO)s,
M = Mn, Fe, Co, and Ni) with the traditional ABX;-type perovs-
kite structure'® that showed multiferroic behaviors at
160-185 K because the hybrid transition metal ions exerted
strong hydrogen bond ordering."® Stroppa et al. conducted
ab initio simulations on [C(NH,);]M[(HCOO);] with an ABX;
structure and proved that Cu- and Cr-based MOFs might be
new multiferroic materials due to the Jahn-Teller effects, and
the antiferro-distortion metals could induce a switchable ferro-
electric polarization through hydrogen bonding.***' Sante
et al. predicted the ferroelectric behaviors of [(CH;),NH,|Mn
(HCOO); via density functional theory (DFT) calculations and
achieved a ferroelectric polarization up to 6 pC cm™> by tuning
the organic cations.*® Li et al. observed the coexistence of
resistance switching and ferroelectricity in an indium MOF,
[InC;6H,N,04]-1.5H,0,** which could be explained via the
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ferroelectric transition of N.--H-O---H-N bridge-structured
dipoles of water molecules and the amino-tethered MOFs.
Despite these progresses, the reported measurements are
mainly performed on large single crystal MOFs, whereas the
experimental probing of the ferroelectric properties of MOF
nanocrystals is challenging and rarely reported.

Some of the water-stable MOFs, such as UiO-series and
MIL-series,*® are often considered as piezo- and ferro-electric
inactive materials because of their high central symmetry and
neutral structures.'® However, no solid experiments have been
conducted to verify this may be due to the detection limits of
the macroscopic ferroelectric testing systems (for example,
large size of crystals).”” In fact, most of the water-stable Zr/Hf/
Cr-based MOFs can only be prepared at the nanometer range
(50-1000 nm).*® Therefore, a new approach is highly aspired
and should be highly beneficial for the fundamental under-
standing of the relationships between the microstructures and
the functional properties of these MOFs. In the previous study,
two UiO-66 (Fig. 1a)-derived MOF materials, named NUS-6-(M)
(M = Zr and Hf, C;500,9:S:5M>,), were synthesized.?**° NUS-6-
(M) can be best described by periodically replacing the 12-con-
nected Mg clusters (M = Zr or Hf) in the parental UiO-66-SO;H
framework (Fig. 1b) with 9-connected M clusters (Fig. 1c-e).*
The details of MOF synthesis and characterization are
included in the corresponding sections of the ESI (ESI: Fig. S1

24,25

Fig. 1 Crystal structure of the MOF materials: (a) UiO-66; (b) UiO-66-
SOzH; (c) NUS-6 featured by micropores (orange spheres) and meso-
pores (yellow spheres); (d) a 9-connected and (e) a 12-connected Mg
cluster (M = Zr or Hf).
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and S2, sections S1.1 and S1.2%). The consistency of missing
ligands and clusters resulted in a charged asymmetric crystal
structure, which might lead to piezoelectricity and ferroelectri-
city in these materials.®' To study this, herein, we have applied
the dual AC resonance tracking piezoresponse force
microscopy (DART-PFM) and piezoresponse force spectroscopy
(PFS) for the first time to characterize the piezo- and ferro-
electric properties of these MOFs at the nanoscale precision.

Results and discussion
Piezoelectricity of the NUS-6 MOFs

DART-PFM is a technique capable of measuring piezoelectric
responses with reduced crosstalk with the topography due to
the shift in the resonant frequency. This technique uses a feed-
back loop to adjust the drive frequency of the probe cantilever
to match the resonance frequency (ESI: Fig. S3, section
$1.3.1%).** Rather than using the phase (¢) information as the
input to the frequency feedback, it uses the difference between
two amplitudes as the input feedback, based on monitoring
the surface displacement of the piezoelectric materials
induced by an electric bias. A functional generator is used to
apply an AC voltage between the tip and the sample surface.
This voltage induces deflection of the cantilever and can be
detected by a reflected laser beam on a four-quadrant photo-
diode. In the DART-PFM experiments of this study, a 5 V AC
driving voltage was applied on the probe (240AC-PP, OPUS, CA,
USA). The detailed specification of the probe is listed in
Table S1 (ESIf). Fig. 2 shows the corresponding topography
and PFM amplitude images as well as the d, [calculated
images] using DSHO [damped simple harmonic oscillator
model, see ESI: section 1.3.21]. Fig. 2a and e show that the
sizes of the NUS-6-(Hf) and NUS-6-(Zr) nanocrystals are
approximately 150-200 nm with mild variation, which agree
with the SEM observations (ESI: Fig. S2%). It is obvious that
both NUS-6-(Hf) and NUS-6-(Zr) nanocrystals show significant
piezoresponse with several hundreds of picometer (pm)
amplitudes under the applied bias (Fig. 2b and f). Moreover,
NUS-6-(Hf) shows significantly larger piezoresponse with a
PFM amplitude of 300-400 pm as compared to the NUS-6-(Zr)
nanocrystals (200-300 nm amplitude responses).

Generally, a piezoelectric coefficient (also called piezoelec-
tric modulus, d33) quantifies the volume change when a piezo-
electric material is subjected to an uniform electric field.*® ds;
represents the deformation in the same direction of the elec-
tric field. However, during the PFM-based measurements,
since the electric field is non-uniform due to the sharp tip of
the PFM probe, d;; cannot be directly determined from the
PFM measurements. Instead, we measured the vertical defor-
mation under the applied electric field, which was also
applied vertically by the PFM tip. This deformation by the
voltage is then defined as d.,. This value can be determined by
applying the DSHO model fitting and can also be mapped
with the corresponding images. Larger values of d,, = 2.0-3.5
pm V' were determined for NUS-6-(Hf) nanocrystals, which

This journal is © The Royal Society of Chemistry 2017
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Fig. 2 DART-PFM images (1 ym x 1 pm) of NUS-6-(Hf) (a—d) and NUS-6-(Zr) (e—h) nanocrystals: (a and e) topography; (b and f) amplitude; (c and

g) d,.; and (d and h) 3D image of amplitude overlaid on topography image.

were much larger than those of the NUS-6-(Zr) (1.5-2.5
pm V). The d., values of the NUS-6 series MOFs are smaller
than those of the typical piezoelectric materials such as a lead
zirconate titanate (PZT) film (~18 pm V'), but larger than
those of the biopiezoelectric materials such as bones (~0.7
pm V)% Fig. 2d and h show the 3D images in which the
PFM amplitude image overlaid on the topographic image for
both NUS-6-(Hf) and NUS-6-(Zr) nanocrystals, respectively.
From these images, the non-uniform piezoresponse distri-
bution in each nanocrystal can be clearly seen. The results also
suggest the possible structural anisotropy in the NUS-6 series
nanocrystals.*®

Ferroelectricity of NUS-6

In addition to the PFM measurement, piezoresponse force
spectroscopy (PFS)*”?® technique (ESI: section 1.3.31) was

further applied to acquire the local ferroelectric hysteresis
loops from the surface of the NUS-6 series nanocrystals. In this
technique, the optimal signal-to-noise ratio is achieved at a fre-
quency near the contact resonance frequency of the probe can-
tilever. The probe approaches the sample surface in the verti-
cal direction with the deflection set point (trigger force) used
as a feedback (ESIL: Fig. S41). When the set point is reached, a
hysteresis loop is acquired by sweeping the voltages. Fig. 3
shows the respective PFS results for the NUS-6-(Hf) and NUS-6-
(Zr) nanocrystals. The amplitude butterfly loops (Fig. 3a and d)
obtained during the DC-off state correspond to the piezoelec-
tric responses of the nanocrystals. The maximum amplitudes
of the butterfly loops are 1.1 nm and 0.6 nm for NUS-6-(Hf)
and NUS-6-(Zr) nanocrystals, respectively, which confirm the
larger piezoresponse of the NUS-6-(Hf); this agrees well with
the results of the DART-PFM measurements. It has been found
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that a negative bias induces more deformation than the posi-
tive bias for both NUS-6 series MOFs. Fig. 3b and e show the
piezoelectric phase loop. The phase shifts are very close to
180° for both NUS-6-(Hf) and NUS-6-(Zr) nanocrystals, and this
suggests a possible ferroelectric behavior for both nanocrys-
tals.>® The amplitude butterfly loops and phase loops obtained
during the DC-off state are, therefore, strong evidences for fer-
roelectricity in NUS-6-(Hf) and NUS-6-(Zr) nanocrystals.

It has been reported that the ferroelectric hysteresis loops
(PR loops) are in good agreement with results of the macro-
scopic ferroelectric tests (P-E tests).’® Although it is not poss-
ible to obtain the PR loops in every point on the NUS-6 nano-
crystals, the ferroelectric properties of NUS-6 can be exquisitely
found. The PR loops (Fig. 3c and f) are thus calculated using
the equation: PR = A x cos(¢), where A and ¢ denote the ampli-
tude (pm) and phase responses, respectively. It is noticeable
that the PR loops obtained from both NUS-6-(Hf) and NUS-6-
(zr) are non-symmetric with the positive values of the remnant
piezoresponses (that is, PR when bias = 0 V). In addition, the
PR loops are shifted along the voltage axis; this indicates that
the internal bias exists from the aligned dipoles.**

In the hybrid structures of NUS-6, the metal (Hf/Zr)-oxygen
coordination system* (Fig. 1) is supposed to serve as active
dipoles. It has been reported that non-covalent bonds are
polar since asymmetry of electron density appears when two or
more molecules interact.”®> However, there might also be other
factors, such as encapsulation of water molecules in the lattice
to form polar ordering, leading to the ferroelectric behaviors.**
Furthermore, molecular fragments of MOFs could exhibit free
rotation of ligands around a static axis; this could be treated as
bistable orientations** and may also result in the ferroelectric
behavior of the MOF-based materials. It is interesting to note
that the PR loop of the NUS-6-(Hf) nanocrystal has a slim and
tilted shape (Fig. 3c). This type of PR loop resembles those of
some synthetic ferroelectric polymers used for energy appli-
cation, which can be characterized by large electric energy
density and very small remnant polarization.*>*® It is generally
believed that this type of PR loop represents materials having
high energy storage and release capabilities.** In addition, the
coercive biases (that is, biases when PR = 0) for NUS-6-(Hf) are
less than 3 V, indicating an easier polarization switching in
this material. By contrast, NUS-6-(Zr) shows quite little ferro-
electric polarization switching because the PR loop remains
almost at the positive level (PR > 0, Fig. 3f). Compared to that
in the NUS-6-(Hf), no obvious switching behavior is observed
in NUS-6-(Zr). Moreover, the forward coercive bias of NUS-6-
(zr) is around 7.5 V, which is significantly larger than that of
NUS-6-(Hf) (~2.1 V). These observations suggest that NUS-6-
(Hf) has much better ferroelectric characteristics than NUS-6-
(zr). Considering the fact that these two types of nanocrystals
share the same crystal structure and ligands (Fig. 1 and
Fig. $11),”° the only factor that may lead to these significant
differences in the ferroelectric behaviors between NUS-6-(Hf)
and NUS-6-(Zr) is their different metal clusters (Hf vs. Zr). In
fact, the polarity of the Hf-O bond is larger than that of the
Zr-O bond; this is also supported by the studies of NU-1000
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(Hf).>® Furthermore, it has been found that HfO, is more ionic
than ZrO,.>" Therefore, the results obtained in this study
suggest that the ferroelectric properties of MOFs can be easily
tuned via judicious selection of metal ions in their asymmetric
structures. These metal ions with larger bond polarity are
capable of resulting in better ferroelectric switching behaviors.

Mechanical property and thermal stability of NUS-6

In addition to the piezo- and ferro-electric properties, the
thermal stability and mechanical robustness are also impor-
tant issues for the design and application of MOFs.>*> There
are many studies on the mechanical properties of MOFs;
among these, the majority have reported traditional nanoin-
dentation or three-point bending tests to obtain the elastic
modulus of large single crystal MOFs.>*> However, direct
experimental measurements of nanomechanical properties
and high-temperature mechanical behaviors of MOF nanocrys-
tals are rarely reported. Recently, Tan and his co-workers have
conducted pioneering experiments to measure the nanome-
chanical properties of HKUST-1 thin films in situ via an AM-
FM mode based on the multifrequency (bimodal) AFM tech-
nique with a high-resolution amplitude tapping mode (topo-
graphy by AM) and high-sensitivity frequency modulation
mode (elasticity by FM).*®

In this study, we proposed an off-line approach using the
AM-FM experiments (ESI: Fig. S5, section S1.4.1%) to derive
the elastic modulus (E) from the tip-sample contact stiffness
image at room temperature and high temperatures (ESIL:
section $1.4.27). The detailed specifications of the probe
(AC160TS, Asylum Research, CA, USA) used for AM-FM charac-
terization are listed in Table S2 (ESIf). Fig. 4 shows the
AM-FM images of the NUS-6 nanocrystals. Tip—sample contact
stiffness images can be found in Fig. S6 (ESIf). A wafer of pure
magnesium (E ~ 40 GPa) (ESI: Fig. S77) is chosen as a refer-
ence sample to calculate the MOFs’ elastic modulus. The topo-
graphy of NUS-6-(Hf) and NUS-6-(Zr) (Fig. 4a-b) is in good

Fig. 4 AM-FM images (500 nm X 500 nm) of NUS-6-(Hf) (1st column)
and NUS-6-(Zr) (2nd column): (a and b) topography and (c and d) elastic
modulus.

This journal is © The Royal Society of Chemistry 2017
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agreement with the results of the DART-PFM measurements.
By acquiring data points along the line profiles (Fig. 4c-d)
across the nanocrystals, an average elastic modulus for NUS-6-
(Hf) and NUS-6-(Zr) is obtained as 54.7 = 29.0 GPa and 45.9 +
14.5 GPa, respectively (ESI: Fig. S8F). Again, NUS-6-(Hf) shows
higher elastic modulus than NUS-6-(Zr); this can be explained
via the larger binding and breaking energy for the Hf-O bonds
than for Zr-O bonds.’® Furthermore, we conducted AM-FM
experiments on both the NUS-6-(Hf) and NUS-6-(Zr) nanocrys-
tals with different particle sizes (ESI: Fig. S9f) ranging from
200 to 500 nm, with mild variation (ESI: Fig. S9a and S9d+). By
acquiring data points along the line profiles (Fig. S9¢ and
Soff), it can be observed that the larger particles have larger
elastic moduli than the smaller particles (ESI: Fig. S107). This
finding is consistent with the study conducted on MOF-5 by
Siegel and co-workers in which they have reported that a
smaller particle size can lead to an increased contribution of
the external surface area and intraparticle porosity, as well as
decreased particle strength.””

Using the heating stage together with AM-FM technique,
we also measured the change in the elastic modulus of NUS-6
series MOFs with the increase in temperature to determine the
relationship between the temperature-dependent mechanical
property and structure at the nanoscale. The average elastic
modulus values as a function of temperature are shown in
Fig. 5a. The detailed AM-FM images of NUS-6 nanocrystals at
298 K, 333 K, and 363 K are shown in Fig. S11-S12 (ESIT).
Fig. S13 and S14 (ESIT) show the change in height and elastic
modulus along the line profiles, as shown in Fig. S11 and S12
(ESIf), for NUS-6-(Hf) and NUS-6-(Zr) nanocrystals,
respectively.

It is interesting to note that a decrease in particle diameter
and elastic modulus along the line profiles (ESI: Fig. S13-
S14t) can be observed with an increase in temperature. In
addition, the changes in the particle area as well as the particle
volume were determined by performing particle analysis on
the topographic images using a commercial software (SPIP
6.5.2, Image Metrology A/S, Denmark), and the results are
shown in Fig. 5b and Fig. S15 (ESIf). Fig. 5b clearly shows that
the volume of the particles for both NUS-6-(Hf) and NUS-6-(Zr)
decreases with the increase in temperature. It can be observed
that the particle volume of NUS-6-(Hf) decreases from
0.0436 pm® (298 K) to 0.0423 pm® (333 K) and finally to
0.0314 pm*® (363 K), whereas the particle volume of NUS-6-(Zr)
shows a similar trend, ie. from 0.304 pm® at 298 K to
0.229 pm® at 333 K and 0.195 pm? at 363 K. It seems that both
NUS-6-(Hf) and NUS-6-(Zr) demonstrate a negative thermal
expansion (NTE) behavior, which is similar to that of the
Ui0-66,”® as almost a linear decrease in the particle volume is
observed with the increase in temperature for both materials.
Similarly, decrease in particle areas is observed for both
NUS-6-(Hf) and NUS-6-(Zr) (Fig. S15, ESIf). Furthermore,
Fig. 5a shows the reduction in the elastic modulus of NUS-6-
(Hf) from 65.9 + 34.8 GPa (298 K) to 59.7 + 39.8 GPa (333 K)
and finally to 31.8 + 9.7 GPa (363 K), whereas NUS-6-(Zr) shows
a similar decreasing trend from 48.0 + 24.0 GPa to 47.1 + 35.1

This journal is © The Royal Society of Chemistry 2017

View Article Online

Paper
a e
120 + —m— NUS-6-(Hf) | T
—m— NUS-6-(2r)
- B _
o
S sgo} T i
@ 1
- ——— e
3 ]
;o0 |
E 40 I \ |
2 1
= 1 | ]
@ 1
©
ik i
300 320 340 360
temperature (K)
b 0.32 T T ! '
Qe _ @ NUS-6-(Hf)
Sy @ NUS-6-(2r)
024} Tt~ |
3 = = e -~
= ~ 9
o016} I
©°
>
Q2
QO
S 0.08f 1
©
o - e - o
0.00 L— : TR
300 320 340 360

temperature (K)

Fig. 5 AM-FM results of the (a) elastic modulus and (b) particle volume
of NUS-6-(Hf) and NUS-6-(Zr) as a function of temperature (298 K,
333 K, and 363 K).

GPa and finally to 23.7 + 23.6 GPa. Despite the large deviations
in the elastic modulus for both NUS-6-(Hf) and NUS-6-(Zr),
which is likely due to the elastic anisotropy associated with the
structure anisotropy of the NUS-6 crystals at the nanoscale, a
decrease in modulus with the increasing temperature can be
clearly seen for both materials. The range of the elastic
moduli of the NUS-6 crystals intersects with those of the cer-
amics, metals, and polymers and is similar to the large elastic
modulus ranges simulated for MIL-140 MOF.>® Therefore,
MOFs can well connect the essentially rigid inorganic solids
and the relatively soft polymers. This phenomenon is found
to be more significant than that reported in a previous study.’?
Moreover, Fig. 5a confirms that NUS-6 series MOFs degrade
upon thermal treatment; this agrees with the thermal gravi-
metric analysis (TGA) curves reported in the literature.*>*° In
addition, from Fig. 5a, it is found that the degradation temp-
erature for NUS-6 series MOFs is higher than 330 K; this
finding has offered a new approach other than TGA to accu-
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rately probe the thermal stability of MOFs®® and also suggests
a suitable temperature range for the application of the MOF-
based materials.

Conclusions

In summary, we present the results of piezo- and ferro-electric
properties of the NUS-6 series MOF nanocrystals using the
dual AC resonance tracking piezoresponse force microscopy
(DART-PFM) and piezoresponse force spectroscopy (PFS) tech-
niques. NUS-6-(Hf) nanocrystals demonstrate much stronger
nanoscale piezoresponses and ferroelectric polarization beha-
viors than NUS-6-(Zr) nanocrystals at room temperature; this
can be explained by the larger bond polarity of the Hf-O bond
than that of the Zr-O bond. It is worth noting that the piezore-
sponse (PR) loop of the NUS-6-(Hf) nanocrystal resembles that
of the commonly used synthetic polymers with large electric
energy density and very small remnant polarization used for
energy application. It is also demonstrated that the ferroelec-
tric properties of MOFs can be tuned by judicious selection of
metal ions to form more polar coordination bonds capable of
forming an electronic structure in an asymmetric lattice. In
addition, we offer a newly developed approach to accurately
probe the thermal stability of MOFs by measuring the elastic
modulus versus temperature through the multifrequency AFM
technique. The elastic anisotropy of MOFs resulted from the
competition between inorganic solids and organic ligands is
well revealed, which offers a valuable insight into the rational
design for mechanical robustness. This study also aims to
open a realm of probing ferroelectric properties of MOF nano-
crystals and designing novel MOF-based ferroelectrics using
advanced scanning probe microscopy-based techniques.
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