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Abstract: The layer-by-layer liquid-phase epitaxy (LBL-
LPE) method is widely used in preparing metal–organic
framework (MOF) thin films with the merits of control-
ling thickness and out-of-plane orientation for superior
performances in applications. The LBL-LPE growth
mechanism related to the grain boundary, structure
defect, and orientation is critical but very challenging to
study. In this work, a novel “in-plane self-limiting and
self-repairing” thin-film growth mechanism is demon-
strated by the combination study of the grain boundary,
structure defect, and orientation of Cu3(HHTP)2-xC thin
film via microscopic analysis techniques and electrical
measurements. This mechanism results a desired high-
quality MOF thin film with preferred in-plane orienta-
tions at its bottom for the first time and is very helpful
for optimizing the LBL-LPE method, understanding the
growth cycle-dependent properties of MOF thin film,
and inspiring the investigations of the biomimetic self-
repairing materials.

Introduction

Due to the highly designable framework and pore structures,
metal–organic frameworks (MOFs) are attracting increasing
research interests.[1] Usually, MOFs in thin-film form exhibit
better performances than powder samples in the applica-
tions, such as thermoelectricity, gas separation, and
sensing.[2] Many methods, including layer-by-layer liquid-
phase epitaxy (LBL-LPE), Langmuir–Blodgett LBL growth,
in situ growth, electrochemical deposition, interface self-
assembly, post-synthesis polymerization and solvent-free hot
pressing, have been developed to prepare MOF thin films.[3]

Among them, LBL-LPE is superior in controlling the
growth of MOF thin films, especially in out-of-plane
orientation and thickness.[4] In generally, the LBL-LPE thin
film growth processes are mainly studied by grazing
incidence X-ray diffraction, quartz crystal microbalance,
atomic force microscope (AFM), ultraviolet-visible spectro-
scopy and infrared spectra.[5] The important structure
information, such as out-of-plane orientation, thickness,
morphology, and roughness have been successfully revealed
by these techniques.[5] However, the microcosmic changes,
such as grain boundary, structure defect, and in-plane
orientation during LBL-LPE processes have not been
provided yet. This situation has significantly hampered the
optimization of the LBL-LPE technique to obtain higher-
quality MOF thin films for application. It is very desired
while still challenging to further reveal the above-mentioned
microcosmic changes related growth mechanism of MOF
thin film in LBL-LPE.[4a,6]

Compared with other MOFs, the electrically conducting
MOFs (EC-MOFs) are a relatively newly-emerging type.[7]

The combination of conductivity and porosity makes them
very attractive in various fields like electrocatalysis, battery,
supercapacitor, field-effect transistors and sensors.[8] Mon-
itoring the electron and mass transport of EC-MOFs in the
LBL-LPE process may reveal the desired thin film growth
mechanism that cannot be achieved by the previous
researches. To the best of our knowledge, such a work has
not been reported yet.

Herein, the growth mechanism of the LBL-LPE process
was studied with a representative conductive MOF, Cu3-
(HHTP)2 (Scheme 1). LBL-dependent measurements of
Cu3(HHTP)2 thin film, including direct current (DC)
measurements, alternating current (AC) measurements and
chemiresisitve gas sensing were conducted. The observed
variation of the charge and mass transport during thin film
growth reveals the desired microcosmic changes, including
grain boundary, defect, and in-plane orientation. Through a
systematical analysis of the above data, an “in-plane self-
limiting and self-repairing” growth mechanism for LBL-
LPE of EC-MOF has been successfully revealed, which
improves the grain boundary and defect of MOF thin film
during the thin film growth has been observed. A high-
quality MOF thin film with not only out-of-plane orientation
but also preferred in-plane orientation at its bottom part has
been observed for the first time.
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Results and Discussion

In the crystal structure of Cu3(HHTP)2, Cu ions and HHTP
ligands coordinate with each other to form an extended two-
dimensional hexagonal π-conjugate layer. These layers
further assemble with a slipped-parallel (ab) packing model
to construct a porous honeycomb structure (scheme 1 and
Figure S1).[8h] Cu3(HHTP)2 thin films (denoted as Cu3-
(HHTP)2-xC, xC= the growth cycle) were prepared by the
spray-based LBL-LPE method on the hydroxyl-functional-
ized substrate with pre-patterned gold electrodes (Scheme 1,
details see Supporting Information).[9] Firstly, the substrate

was sprayed with the solution containing Cu ions to
coordinate with -OH at its surface and then rinsed with
ethanol to remove the redundant Cu ions. Next, the
substrate was sprayed with HHTP ligands to coordinate with
Cu ions on it and then rinsed again with ethanol to remove
the unreacted ligands to accomplish the first growth cycle.
The above processes were repeated to epitaxially grow
Cu3(HHTP)2-xC in a LBL-LPE manner. Figure S1 shows
the in-plane and out-of-plane XRD pattern of Cu3(HHTP)2
film with a thickness of 200 nm. The high intensity
diffraction peaks in the in-plane pattern measured by using
a grazing-incidence XRD (GIXRD) technique show the
high crystallinity of the thin film in ab plane. All of the
peaks in the in-plane pattern could be assigned to (hk0), and
the peak in the out-of-plane pattern could be assigned to
(00l). These results indicate Cu3(HHTP)2 film grows epitax-
ially along c axis and in high orientation. However, it should
be noticed that the peak of (002) is weaker and broader
than these of (hk0), suggesting a relatively worse long-range
order packing along c axis due to weaker interaction among
the layers.

FT-IR spectra and conductivity analysis show profound
differences between HHTP ligand and Cu3(HHTP)2 film,
excluding the possibility of the formation of crystalline thin
films for the HHTP ligands (Figure S2 and S3).

To explore the growth mechanism, Cu3(HHTP)2-xC
films were firstly characterized by AFM at each growth cycle
(Figure 1a–h and S4). The grain size, roughness, and thick-
ness of these thin films were statistically analyzed (Figure 2a,
2b and S5). In the whole growth process, Cu3(HHTP)2-xC
shows a grainy surface with most of the grain size<40 nm in
transverse diameter (Figure 1a–h and 2b). Specifically, at
the first growth cycle, island-like nuclei are deposited on the
sapphire surface. Compared with the average roughness

Scheme 1. Schematic illustration of spray-based LBL-LPE thin film
growth and properties evolution of Cu3(HHTP)2 and its simulated
crystal structure.

Figure 1. a–h) Topography of Cu3(HHTP)2-xC in AFM images, i) schematic diagram of growth mechanism of Cu3(HHTP)2-xC.
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(Ra) of the substrate (0.3 nm), the first growth cycle
increases the Ra to �0.7 nm (Figure 1a, 1b and 2a). The DC
measurement of Cu3(HHTP)2-1C shows a nonlinear I–V
curve and very low current, indicating a bad electron
transport pathway and confirming the discontinuous contact
among the grains in the AFM image (Figure S6b). In the
second growth cycle, the average transverse diameter of the
nuclei does not change obviously, but they grow from
“islands” to “mountains” with an obvious increment in
height, resulting in an increased roughness of 2.47 nm
(Figure 1c and 2a). Meanwhile, a large number of new nuclei
with much smaller sizes can be observed to fill the gaps
among the “mountains” (Figure 1c). A thin film with
improved integrality has been obtained in this growth cycle,
which shows a quasi-linear I–V curve and increased current
(Figure S6c). The third growth cycle further improves the
integrality of the thin film while with similar grain size and
roughness as these in the second cycle (Figure 1d). In this
cycle, a uniform and continuous thin film has been obtained,
which is further demonstrated by the good linearity of its
I� V curve (Figure S6d).

Further growth cycles do not obviously change the
surface morphology of Cu3(HHTP)2-xC (x=4–20). The
average surface roughness of these thin films keeps �2.2 nm
with little fluctuation (Figure 2a). Meanwhile, the SEM and
AFM images of the cross-section of Cu3(HHTP)2-xC dem-
onstrate a successful epitaxial growth (Figure 2a and S5).
Their thickness homogeneously increases with an average of
�2 nm per cycle (Figure 2a). The cross-section of the thin
film clearly shows a dense bottom and rough top profile and

the proportion of the dense bottom to the rough top
increases with the growth cycle increment (Figure 2c and
S7).

Based on the above observations, an “in-plane (parallel
to the substrate) self-limiting and out-of-plane (perpendicu-
lar to the substrate) epitaxial growth” mechanism for Cu3-
(HHTP)2-xC is proposed (Figure 1i). The observed conduc-
tivity and small roughness of Cu3(HHTP)2-1C indicate
Cu3(HHTP)2 is very easy to form “nuclei” during the first
spray process. The amount of these “nuclei” is big enough
to make them get close with each other to form a quasi-
connected thin film, which results a different I–V curve from
that of the substrate. From the second growth cycle, the
grain size and roughness of the thin films change little, while
the thickness increases homogeneously. These results indi-
cate the nucleation and the growth of the surface grain at
the “in-plane” direction have a balanced speed, which
results in a self-limiting process. In each cycle, the growth of
the surface grain is always restricted to<40 nm by the
newborn nuclei due to the limited in-plane space. Notably,
this growth model is quite different from the reported one,
where the nuclei continuously grow up.[5a,b,d, g,10] The dense
packing of the cross-sectional view of thin films indicates the
newborn nuclei can fuse tightly with the original grain in the
following growth cycles. Different from the in-plane direc-
tion, the out-of-plane shows a homogeneous epitaxial
growth mode due to the unlimited space.

To reveal more details of this thin film growth mecha-
nism, the charge/mass transfer properties of Cu3(HHTP)2-
xC were studied. I–V curves measured by the two-electrode
method were used to calculate the electrical conductivity of
Cu3(HHTP)2-xC (Figure 2d and S6). As shown in Figure 2d,
different from a perfect single crystal thin film which has a
thickness-independent conductivity, the conductivity of Cu3-
(HHTP)2-xC presents a thickness-dependent conductivity in
a logarithmical model (Figure 2e and 2f). This result
indicates there are a large amount of grain boundaries and
defects in the thin film. Interestingly, at the first 10 cycles,
the conductivity of Cu3(HHTP)2-xC increases dramatically
from 3.8×10� 7 to 2.1×10� 3 Scm� 1, �5500 times. After that,
the increment of the conductivity gradually saturate. These
phenomena suggest the grain boundary and defects among
the grains are gradually fixed during thin film growth.

To further analyze the grain boundary, AC complex
impedance spectroscopy measurements were performed in
the frequency range of 10� 1 to 106 Hz. With the increasing
growth cycle, the diameter of the semicircle in the Nyquist
plots of Cu3(HHTP)2-xC gradually decreases (Figure 3a).
The experimental impedance data are fitted with an
equivalent circuit which consists of the resistances and
constant phase elements of bulk (Rb), grain boundary (Rgb)
and contact (Rc), respectively (Figure 3a inset and S8) and
the obtained resistances are shown in Figure 3b. It has been
well known that the Rb and Rgb should be inversely propor-
tional to the thickness of the thin film. However, with the
increase of the growth cycle, the Rb and Rgb decrease with a
power function model rather than a linear model, indicating
the decrease of the resistances is much faster than the
increase of the growth cycle (Figure S8). This unusual

Figure 2. a) Growth cycle dependent analysis of thickness and rough-
ness of Cu3(HHTP)2-xC, b) particle size analysis of Cu3(HHTP)2-xC,
c) SEM cross-sectional view of Cu3(HHTP)2-20C, and d) schematic
illustration of electrode, e) log(j I j)-Voltage curves of Cu3(HHTP)2-xC,
and f) growth cycle dependent log(σ) curve of Cu3(HHTP)2-xC.
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phenomenon suggests an unexpected self-repaired crystal-
linity and grain boundary during the LBL-LPE processes.
This speculation is well consistent with the observations of
AFM and SEM, which show a dense thin film by grain
fusion (Figure 1 and S7). Moreover, it is also observed that
at the first 5 cycles, the total resistance of the thin film is
mainly contributed by Rb, which is �10 times higher than
Rgb and Rc. Then, Rb decreases faster than Rgb and they
reach a similar value at around the 15th cycle. After that, Rgb

gradually dominates the total resistance of the thin film. The
first derivative of the log R-cycles curve is also conducted to
obtain the coefficient of resistance change (K) with the
growth cycles (Figure 3b inset). It clearly shows that the
decrease of Rb, Rgb and Rc slows down and gradually
approaches a saturated value after the 10th growth cycle,
demonstrating that the crystallinity and grain boundary of
the thin film have been remarkably improved after 10
growth cycles. After that, the thin film can be grown with
stable quality.

Taking the advantage of the gas sensing nature of
Cu3(HHTP)2-xC, the gas molecule can be used as a probe to
further confirm the growth cycle-dependent change of the
defect and grain boundary. Usually, the charge and mass
transportability of Cu3(HHTP)2-xC together dominate the
sensing response value. However, H2 has a very small kinetic
diameter and can easily penetrate MOFs such as Cu3-
(HHTP)2 with a pore size larger than 1.8 nm.[11] Therefore,
the growth cycle-dependent response to H2 mainly reflects
the change of the charge transport in Cu3(HHTP)2-xC. As

shown in Figure 3c, the response of Cu3(HHTP)2-xC to
100 ppm H2 increases dramatically for the first 5–10 growth
cycles. After that, the response value varies very little. This
result indicates the charge transportability has been opti-
mized after 10 growth cycles, confirming the results in DC
and AC measurements. Comparatively, NH3 has a bigger
kinetic diameter and a much stronger interaction with
Cu3(HHTP)2-xC than H2. Therefore, its transport in the
pore of Cu3(HHTP)2 is limited. Different from H2, NH3

reaches its highest value at the first �10 growth cycles and
then decreases obviously. Since the charge transport has
been optimized at the first �10 growth cycle, the decrease
of the response to NH3 suggests the degraded mass transport
of Cu3(HHTP)2-xC. This result confirms that there are
plenty of defects facilitating the mass transport in the thin
film less than 10 growth cycles and then they have been self-
repaired with the thin film growth.

The slices of Cu3(HHTP)2-30C were peeled off from the
substrate to reveal more details of the thin film structure.
Figure 3d and S11 show the high-resolution TEM images
with the electron beam perpendicular to the slices. The
thicker part of the slice has an image with different contrast,
indicating it contains the rough top surface of Cu3(HHTP)2-
30C (Figure S11). The Fast Fourier transfer (FFT) pattern
of the TEM image shows the diffraction cycles of (hk0) of
the crystal structure, confirming its polycrystal nature.
Notably, none of (00 l) can be found (Figure S11 inset),
suggesting Cu3(HHTP)2-xC grows along the (00 l) direction
orientedly. Differently, the thinner part of the slice has
homogeneous contrast, indicating it belongs to the smooth
bottom of Cu3(HHTP)2-30C (Figure 3d, 3 f and S12). Its
high-resolution TEM image in thousands of square nano-
meters shows orderly arranged lattice fringes. Different
from the thicker part, the thinner part shows bright
diffraction points in its FFT pattern (Figure 3e and S12
inset). Notably, these diffraction points can be divided into
only a few sets of hexagonal lattice points rather than
diffraction cycles. Thus, the bottom part of Cu3(HHTP)2-
30C has a preferred orientation in the ab plane of the crystal
structure. Since the area of these lattice fringes is larger than
the observed grain size in the TEM and AFM images
(Figure S12 and 1), the grains at the bottom part of
Cu3(HHTP)2-30C should have fused to form a mesocrystal
structure. These observations confirm the results of growth
cycle-dependent DC, AC and gas sensing measurements
very well. Due to the self-limiting growth, the grains in the
thin film have a nanoscale size and thus high surface energy.
When they connect with each other to form a thin film, the
system should have high energy. To reduce the energy, the
defects and grain boundary at the bottom part of the thin
film are gradually self-repaired by a recrystallization process
during spray processes. On the other hand, it has been
known that the coordination bonding among metal ions and
organic ligands is reversible with the assistance of solvent,
which lays the foundation for the self-repairing process.
Notably, the oriented growth of MOF thin film along the
direction perpendicular to the substrate is commonly
obtained by the LBL-LPE method, while the oriented

Figure 3. Growth cycle-dependent measurements: a) AC impedance
spectra, insert: equivalent circuit, b) resistances of bulk grain boundary
resistance and contact, insert: the first derivative of log R-cycles curve,
c) gas sensing. d–f) HR-TEM and the corresponding FFT pattern of
Cu3(HHTP)2-30C.
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growth along the basal plane of the substrate was reported
for the first time.

Conclusion

In summary, the evolution of grain boundary and defect
during the MOF thin film growth was revealed for the first
time by electric measurements to meet the challenge in the
mechanism study of the widely-used LBL-LPE thin film
preparation method. As results, a novel “in-plane self-
limiting and self-repairing” thin film growth mechanism was
disclosed, which results an unprecedentedly high-quality
Cu3(HHTP)2 thin film with out-of-plane orientation through
whole thin film and in-plane orientation at its bottom part.
The mechanism changes our long-term apparent under-
standing of the polycrystalline MOF film prepared by the
LBL-LPE method and may inspire the preparation of
desired single-crystal MOF thin film. This work not only
provides a useful electric method to study the MOF thin
film growth mechanism, but also helps to optimize the
thickness of MOF thin film for the best performances in
various applications.

Supporting Information includes experimental details
and characterization data.
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