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Abstract: The construction of hydrophobic nanochannel with
hydrophilic sites for bionic devices to proximally mimick real
bio-system is still challenging. Taking the advantages of MOF
chemistry, a highly oriented CuTCPP thin film has been
successfully reconstructed with ultra-thin nanosheets to pro-
duce abundant two-dimensional interstitial hydrophobic nano-
channels with hydrophilic sites. Different from the classical
active-layer material with proton transport in bulk, CuTCPP
thin film represents a new type of active-layer with proton
transport in nanochannel for bionic proton field-effect tran-
sistor (H+-FETs). The resultant device can reversibly modulate
the proton transport by varying the voltage on its gate
electrode. Meanwhile, it shows the highest proton mobility of
� 9.5 � 10�3 cm2 V�1 s�1 and highest on-off ratio of 4.1 among
all of the reported H+-FETs. Our result demonstrates a power-
ful material design strategy for proximally mimicking the
structure and properties of bio-systems and constructing bionic
electrical devices.

Controlled proton transport in nanochannel is critical for
the bio-systems, such as cytochrome c oxidase proton pump,
bacteriorhodopsin, and cytochrome P450 monooxygenases.[1]

Biomimetic devices that can reversibly modulate proton
transport are of great importance to not only interface with
bio-systems, but also understand the working mechanisms of
these bio-systems.[2] For this purpose, protonic filed-effect
transistors (H+-FETs) have become a research focus in these
years.[3, 4] The active layer is the critical part of H+-FETs in
mimicking the proton transport of bio-system. Many hydro-
philic materials, including maleic chitosan, cephalopod struc-
tural protein, porous organic polymer, etc., have been

successfully studied as active layers.[3a–c] However, in bio-
systems, proton transport nanochannels normally require
hydrophobic body for stabilizing them structure in cellular
fluid but hydrophilic sites for efficient protons transfer
(Scheme 1).[5] Thus, for proximally mimicking the bio-channel
in both structure and function, a hydrophobic body-hydro-
philic sites structure is required, while has not been realized
by the reported hydrophilic materials. Moreover, most of the
reported H+-FETs have a bulk active layer which is also
different from the nano-channel structure in bio-system.[3,4]

New materials that can be used to construct nanochannels
with hydrophobic body-hydrophilic sites structure is
extremely desired.

Metal-organic frameworks (MOFs) are a type of crystal-
line materials constructed with long-range ordered inorganic
nodes and organic bridging ligands.[6] The existence of the
enormous library of inorganic and organic building units as
well as diverse combination modes of them endows MOFs
with great flexibility in structure design for desired proper-
ties.[7] Therefore, MOFs have attracted intensive research
interest for proton conduction.[8] MOFs with conductivity
higher than 10�1 Scm�1 or working temperature higher than
150 8C have been successfully designed and prepared.[9] More
importantly, MOFs are a judicious selection to mimic the
biochannels with hydrophobic boy-hydrophilic sites structure.
The elaboratively selected organic ligand can provide large
hydrophobic regions in the MOFs, while the inorganic nodes
can be designed with high hydrophilicity. Despite these
favored features, MOF active-layer based H+-FET has not
been reported yet.

Scheme 1. Proton transport in a) bio-systems and b) biomimetic H+-
FETs.
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In this work, MOF materials were employed as the active-
layer to fabricate H+-FET device for the first time. A well-
known MOF, Cu-TCPP, was rationally selected for the
following reasons: 1) it can be easily prepared into ultrathin
nanosheet for reassembling thin film with abundant intersti-
tial nanochannels for mimicking the proton transport in the
nanochannels of bio-systems;[10] 2) it possesses good proton
conductivity while ultra-low electronic conductivity, which is
a favorable active-layer material to H+-FET;[11] 3) its aromatic
porphyrin ligand and inorganic Cu paddle-wheel node can
provide large hydrophobic region and hydrophilic open metal
site, respectively, for best approaching the hydrophobic-
hydrophilic structure of bio-channels. The obtained thin film
successfully mimics the structure and function of bio-chan-
nels. Electrical measurements reveal this MOF thin film H+-
FET not only shows physically modulated proton transport,
but also possesses a mobility of � 9.5 � 10�3 cm2 V�1 s�1 and
on-off ratio of � 4.1, both of which are the highest values in
the reported H+-FET.

Cu-TCPP shows a reticular layered structure in ab plane,
where Cu centered porphyrin rings are connected with each
other by Cu2(COO)4 paddle-wheel structures (Figure 1 a).[12]

This structure orderly arranges the large-area hydrophobic
porphyrin molecules and hydrophilic coordination unsatu-
rated Cu atoms in long range. Neighboring layers parallelly
stack along c axis through weak interactions. The layered
structure benefits the preparation of ultrathin nanosheet.
Crystalline ultrathin Cu-TCPP nanosheets were prepared in
high-yield by a solution reaction between Cu(NO3)2·3 H2O
and H2TCPP (5, 10, 15, 20-tetrakis (4-carboxyphenyl) por-
phyrin).[13a] As shown in Figure 1 b, atomic force microscopy
(AFM) measurement shows the nanosheets have area of
several mm2 and uniform thickness of 4–5 nm. Transmission
electron microscope (TEM) measurement confirms the
structure of the prepared Cu-TCPP nanosheets (Figure 1c).

Cu-TCPP nanosheets can be conveniently prepared to
thin film in a layer-by-layer manner by our previously

developed “modular assembly” method.[13a] For effectively
modulating the proton current in H+-FET, a thin film with
thickness less than 100 nm is preferred. Herein, the prepared
� 5.0 nm thick nanosheets enable us to control the thickness
of the thin film more precisely than previous work.[13] 10 layer-
by-layer deposition cycles resulted a � 50 nm thin film
(Figure S1). The in-plane patterns of grazing-incidence
XRD (GIXRD) only show (hk0) peaks (Figure 2 a), and the
out-of-plane patterns show an (00l) peak (Figure 2 b). This
difference suggests the nanosheets in thin film lie parallel to
the substrate with the ab plane.

N2 and Water vapor sorption measurements demonstrate
that the existence of considerable number of interstitial
nanospaces in Cu-TCPP thin film and also reveals their
hydrophobicity (Figure S2).[11] These nanospaces run through
with each other to form continuous two-dimensional nano-
channels that parallel to the substrate. Time-dependent
contact angle measurement (Figure 2c) reveal that the
hydrophobic nanochannels can adsorb water due to the
existence of large amount of hydrophilic sites. Moreover,
SEM and XRD measurements demonstrate that the hydro-
phobic nature of the nanochannel can stabilize the thin film
for 40 days in water (Figure 2 d, S3 and S4). These features
successfully mimic the features of bio-channel.

For H+-FET device fabrication, 50-nm Cu-TCPP thin film
was deposited on a SiO2/Si+ substrate with a pair of pre-

Figure 1. a) Crystal structure of Cu-TCPP. b) AFM and c) TEM image of
Cu-TCPP nanosheets, inset: selected area electron diffraction pattern.

Figure 2. Characterizations of Cu-TCPP thin film (10 deposition cycles)
H+-FETs. a) In-plane and b) out-of-plane XRD patterns. c) Contact
angle measurement (the black rectangular object is a microinjector).
d) Stability test. e) Optical image f) SEM image, inset: cross-sectional
view. g) I–V curves under different RH and h) different atmospheres.
i) DFT study of the proton-transport pathways and mechanism.
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prepared 80-nm palladium (Pd) electrodes (Figure 2e and f).
Palladium was selected as the electrode material for its ability
to continuously provide proton under H2 atmosphere by
forming PdHx. PdHx can conduct both electron and proton
and thus affords effectively proton exchange with Cu-TCPP
thin film under direct current (DC) condition.[3a] In this
device, Cu-TCPP thin film is the active-layer, heavily doped Si
substrate acts as the gate electrode, and two Pd (or PdHx)
electrodes are source and drain electrodes, respectively.

The proton transport in the Cu-TCPP active-layer was
evaluated under different atmospheres via the DC method.
As shown in Figure S3, the I–V curve recorded at vacuum has
very small slope, revealing an electronic conductivity as low as
3.6 � 10�8 Scm�1 (details see ESI). Gradually increase the RH
to 70 % and then 98% in the air atmosphere, the conductivity
increases to 4.1 � 10�5 and 5.4 � 10�4 Scm�1, respectively (Fig-
ure 2g). These values are similar to those determined by
electrochemical impedance spectroscopy (EIS) under alter-
nating current (AC) conditions in previous report.[11] More-
over, EIS study also reveals an activation energy of 0.28 eV
for CuTCPP thin film, indicating a Grotthuss mechanism of
proton transport.[11] Accordingly, a density functional theory
calculation was performed to reveal more details on proton
transport (details see supporting information). 8 water
molecules sandwiched by two molecule fragments of
CuTCPP were used as a typical model (Figure S5). It is
found that the absorbed waters between the CuTCPP layers
can be stabilized by forming hydrogen bonding network in the
assistant of the hydrophilic points in the structure, which
provides a continuous pathway for proton transfer. A proton
injection to the hydrogen bonding network through electrode
releases �1.49 eV (Figure S6), indicating that the injection
process is favored in energy. Since the highest energy barrier
for proton transport among adjacent water molecule is only
0.38 eV (Figure 2 i), protons can smoothly migrate under
electrode field. Notably, the I–V curves circularly measured
between �1 and 1 V are non-linear. They show bigger
hysteresis and more declining loop at higher relative humidity
(RH) condition. This phenomenon suggests higher conduc-
tivity and more ionic component appears in the charge carrier
when increasing RH.[14] This is because more water molecules
are adsorbed in the interstitial nanochannels under higher
RH.[11] These water molecules would dissociate more mobile
protons at the surface of Cu-TCPP nanosheets and construct
more extensive hydrogen-bonding network to prompt proton
transport. This hypothesis was demonstrated by adding 5%
H2 into Ar atmosphere with 90% RH to form PdHx electro-
des (Figure 2h). Compared with the I–V curves measured
without H2, the I–V curve measured under 5 % H2 atmos-
phere shows similar change as the I–V curves measured with
increased RH. The conductivity increased to 1.0 � 10�3 Scm�1

which is� 2.7 times higher than the one without 5% H2. It has
been well known that the in situ formation of PdHx can
increase the concentration of the proton in channel of the
device.[15] Meanwhile, I–V curves at 5% H2 and 90% RH
atmosphere show strong frequency-dependent behaviors
(Figure S7). These are strong evidences for protonic current
rather than electronic current because ionic motion has
noticeable time relaxation while electron motion does not.[3a]

These results clearly evidence Cu-TCPP thin film is a feasible
active-layer material to transport proton at DC condition.

Based on above results, the performance of Cu-TCPP thin
film H+-FET device was evaluated under the atmosphere of
90% RH and 5% H2. Figure 3a and b show the correspond-
ing output and transfer curves, respectively. The protonic
current in active-layer increases as the gate voltage negatively
increases. Additionally, leakage current between source and
gate electrodes was much lower than the current between
source and drain electrodes, demonstrating the above effec-
tively modulation was mainly attributed to the electric field
effect of the device (Figure S8). The proton mobility in MOF
protonic channel is estimated to be � 9.5 � 10�3 cm2 V�1 s�1.
This value is higher than the mobilities of the typical H+-FET
made from maleic chitosan (4.9 � 10�3 cm2 V�1 s�1), reflectin
(7.3 � 10�3 cm2 V�1 s�1) and porous organic polymer (5.7 �
10�3 cm2 V�1 s�1).[3a–c] The on-off ratio of Cu-TCPP thin film
H+-FET was � 4.1 times, which is the maximum switching
ratio in the reported H+-FET within 10 V range (Figure S9).
This high degree of modulation results from the variation of
the proton concentration in MOF active-layer from 0.9 �
1017 cm�3 to 4.2 � 1017 cm�3 (Figure 3c). Cu-TCPP thin film
H+-FETs also showed good stability and reproducibility
(details see ESI, Figure S10,S11 and Table S1). Notably,
although proton conducting MOFs have been extensively
studied, this is the first time to report the proton mobility of
MOFs and it is also the first report to physically and reversibly
modulated the proton concentration in MOFs.[8]

The mechanism of the above physical modulation of
proton concentration is attributed to electric field effect
(Figure 3d). When a negative gate voltage is applied to gate
electrode, positive charges would be induced onto MOF
active-layer due to dielectric capacitive coupling. Thus,
additional protons are injected into the active-layer via
PdHx contacts to increase conductivity. Contrarily, when
a positive gate voltage is applied, proton would be repelled
from the active-layer and results lower conductivity. To
demonstrate this mechanism, some comparison tests of the

Figure 3. a) Configuration and working mechanism of Cu-TCPP H+-
FETs. b) Output and c) Transfer curves of Cu-TCPP H+-FETs. d) Proton
concentration in Cu-TCPP active-layer at different gate voltage.
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H+-FET were performed without H2. As results, no field-
effect regulated current was observed in pure Ar or Ar with
90% RH atmosphere (Figure S12), because there is no
additional proton could be provided from atmosphere to
inject into the active-layer. This observation also further
demonstrates that the modulated current is protonic current.
Notably, whatever protons injected into or excluded from the
MOF active-layer, one corresponding electron will be
detected by external testing equipment when one proton
crosses the contacted interface. Accordingly, the protonic
current can be monitored directly.

In summary, MOF was demonstrated as a feasible high-
performance active-layer material for bionic H+-FET for
the first time. A 50-nm thick of MOF thin film with high
crystallinity and orientation was constructed by reassembling
ultra-thin Cu-TCPP nanosheets. The prepared MOF thin film
possesses abundant two-dimensional interstitial nanochan-
nels. With an elaborate structure design, these nanochannels
possess hydrophobic nature while endowed with abundant
hydrophilic sites. This unique structure enables the film to
adsorb water in nanochannel while keep its stability in water,
which facilitates to more proximally mimic the proton
transport in biological channel than the reported H+-FETs.
As results, the prepared devices show proton mobility of 9.5 �
10�3 cm2 V�1 s�1 and on-off ratio of 4.1, both of which are the
highest values in the reported works. This work not only
provides an effective way to physically and reversibly
regulating the proton transport of MOF materials for the
first time, but also takes an important step forward for
extending the application of MOF materials to bionic
electronics.
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