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Abstract
The development of continuous membranes possessing ultrahigh ion selectivity as
well as conductance plays a fundamental role for harvesting osmotic power, one type
of blue energies and recognized as a sustainable and clean energy resource. Inspired
from numerous biological ion channels on the electrocytes of electric eels, the
heterogeneous subnanochannel membrane comprising a continuous metal organic
framework (MOF) UiO-66-NH2 membrane (with window size of ~6-7 Å) and a highly
ordered aluminum nanochannel membrane (ANM) has been fabricated. Results
obtained indicate that the defect-free UiO-66-NH2@ANM membrane fabricated shows
ultrahigh ion selectivity and ionic conductance even in high saline environments;
therefore, a power density of 4.79 W/m2 can be achieved at the salinity gradient at
which the sea water is mixed with river water (i.e., 50-fold KCl gradient). The
impressively high-performance osmotic power can be attributed to numerous wellstructured subnanoscale channels in the UiO-66-NH2 membrane and ANM. More
surprisingly, the heterogeneous subnanochannel membrane developed can reveal an
ultrahigh selectivity of up to 1240 times between Br－ and NO3－, indicating that it can
export a record-high power density of 25.8 W/m2 in a 100-fold salinity gradient of KBr.

Keywords: Ion transport, Ion selectivity, Osmotic power, Metal organic framework,
Subnanochannel membrane, Aluminum nanochannel membrane
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摘要
開發具有超高離子選擇能力和電導度的連續薄膜對於收穫滲透能源扮演重
要基礎角色，此滲透能源已經被視作一種新型態可永續發展之藍色清淨能源。啟
發於電鰻發電細胞中之眾多生物離子通道，我製備了由次奈米通道金屬有機骨架
（MOF）UiO-66-NH2 與高度有序氧化鋁奈米通道（ANM）所組成之異質連續薄
膜，實驗結果顯示此無缺陷之 UiO-66-NH2@ANM 薄膜即使在高鹽濃度環境下，
亦能展現超高離子選擇性與高離子電導度，因此在混合海水與河水之 50 倍離子
濃度梯度條件下，此異質薄膜可輸出 4.79 W/m2 之滲透能源功率密度，主因即是
此薄膜所具有數量龐大的有次序的次奈米 UiO-66-NH2 與氧化鋁奈米通道。此外，
更令人驚訝的是，本研究所開發出之異質次奈米通道薄膜針對不同離子具有高度
選擇性，舉例而言針對 Br－/ NO3－系統，選擇率更可高達 1240 倍，因此在 100 倍
高鹽濃度差條件下，可輸出歷史新高之 25.8 W/m2 滲透能源功率密度。

關鍵字：離子傳輸、離子選擇性、滲透能、有機金屬骨架、次奈米通道薄膜、氧
化鋁奈米通道
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1. Introduction
1.1. Osmotic power conversion
The development of technology for harvesting renewable and sustainable energy
sources is widely recognized due to the raising environmental awareness toward
increased carbon dioxide emissions and fossil fuel depletion. Among all of the
renewable energy, the less known is blue energy, also known as osmotic power, making
use of osmotic pressure difference between seawater and river water, which can
generate energy equivalent to waterfalls from ~280 m height dam

1-3

. Blue energy

providing large energy production capacity and low environment impact, was first
extracted in 1975 by Loeb and Norman using ion selectivity membrane 4. In the past
few decades, two main membrane-based technologies were developed to harvest energy
from osmotic difference including pressure-retarded osmosis (PRO) and reversed
electrodialysis (RED) 5. For RED system, Gibb’s free energy difference in the form of
salinity gradient can be converted into electrical energy when ions diffusing through
the stack of anion/cation selectivity membrane as shown in Figure 1.1. Fabricating ion
selectivity membrane with high ion selectivity, low resistance, and high stability is
necessary for developing

high-performance

osmotic power

generator2,

5-6

.

1
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Figure 1.1 Simplified schematic representation of an RED cell. 5

In the nature, electric eels are able to converts ion concentration difference (i.e.
K+, Na+) between the cell membrane into power generation of up to 600 V shown in
Figure 1.2

7-9

. This is on account of array of cells known as electrocytes, whose sub-

nanoscale channels have high ion selectivity and high ionic flux, packing inside the
electric organ. Motivated by these biological power generation systems, a wide
spectrum of nanochannel membranes have been developed to harvest osmotic power
including pristine membrane (i.e. hBN nanotube, MoS2) and composite membrane (i.e.
mesoporous carbon/AAO) 10-14. In contrast with nanochannel membrane which usually
exhibits low ion selectivity toward different ions due to the large pore size,
subnanochannel membranes have featured pore size commensurable with the hydrated
ions, which can provides enhanced ion selectivity 15-16.
2
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Figure 1.2 Schematic of sub-nano-scaled ion channel inside electric eel.

1.2. Ion selectivity
An element issue is to understand the mechanism of ion selectivity membrane to
separate cation and anion in nanochannel membrane. In a nano-confinement region,
surface charge plays an important role for ion transport. In a charged nanochannel,
preferentially transport counterions (ions with opposite charge as materials) over coions (ions with same charge as materials), known as ion selectivity, which works by
electrical double layer (EDL). When a charge surface is exposed to ionic solution, the
counter ions are attracted to the surface and co-ions are repelled due to the electrostatic
force 19-21. The electrical double layer EDL consists of two layers. The immobile layer,
also called stern layer, results from counterions attached to the charged surface closely
3
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by electrostatic force. Then the diffuse layer extending from stern layer contains higher
concentration of mobile counterions as shown in Figure 1.3 (A) 22.
The thickness of EDL depends on the concentration of ions in the solution: the
higher electrolyte concentration, the lower EDL thickness. For monovalent symmetric
electrolyte solution system (i.e. KCl), the EDL thickness can be calculated by the Debye
length (λD)23:

D =

1



 f RT

=

2z 2F 2C0

In which  refers to Debye–Hückel parameter;  f refers to dielectric constant; R, T,
z, F, C0 refers to the gas constant, temperature, valence charge, Faraday constant and
bulk concentration, respectively. The relationship between the bulk concentration and
EDL thickness is shown in Table 1.1. In the electrolyte solution with concentration
ranging from 103~10-1 mM, the EDL thickness is ranging from 0.3~30 nm.
The ion selectivity of transport is observed when the radius of nanochannel is
comparable to the Debye length, leading to EDL overlaps in the channel that makes
channel occupied with the counterions as shown in Figure 1.3 (B)

22.

Based on ion-

selective membrane system, the electrokinetic energy can be harvest by two ways
including the streaming current24-25 and the net diffusion current26. With applying an
external mechanical driving force, the steaming current can be generated within the ionselective membrane with the help of hydraulic flow as shown in Figure 1.3 (C). On the
4
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other hand, the diffusion current is generated with concentration difference as the
driving force; counterions spontaneously and preferentially transport through the
nanochannel as shown in Figure 1.3 (D). Nanochannel membranes with ion selectivity
are usually used to harvest diffusion current under concentration gradient in osmotic
power conversion system.

Figure 1.3 Basic principle of ion transport in nanochannel.

22

(A) Schematic of

electrical double layer (EDL). (B) Overlapped EDL leading to ion selectivity. (C)
Streaming current generated under mechanical pressure. (D) Net diffusion current
generated under concentration difference.

5
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However, the nanochannel usually surfers from low ion selectivity under
seawater (0.5 M) due to the small Debye length (<1 nm, shown in Table 1.1). Thus, the
sub-nanochannel membrane is necessary to be developed. On the other hand, osmotic
energy harvesting by subnanochannel membrane has rarely been discussed because it
usually accompanied by high resistance, which might lead to low osmotic power output
17-18

. Therefore, highly ordered channel and high surface area of the membrane are

required to reduce ion transport resistance.

Table 1.1 The relationship between the concentration of monovalent symmetric
electrolyte solution and electrical double layer thickness.
C0 (mM)

λD (nm)

103

0.3

102

0.96

101

3.04

100

9.6

10-1

30.4

6
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1.3. Metal-organic frameworks (MOFs)
Metal Organic Frameworks (MOFs), crystalline and porous materials, composed
of metal ions (or cluster) coordinating with organic linkers. The flexibility with the
choice of metal center and organic linkers led to thousands of MOFs being synthesized
and reported each year as shown in Figure 1.4 and Figure 1.5. 27 MOFs contains high
crystalline, high surface area, and uniform pore size, making them widely be used in
several applications such as catalyst 28, separation29, gas storage30, etc 27, 31. Contributed
to versatile architectures, substantial advancements at developing high-performance
MOF membranes has been achieved recent years

31-34

. However, most of these

membranes still surfer from insufficient water stability, which restricts their application
related to water 35-36.

Figure 1.4 Inorganic secondary building units of MOFs.27

7
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Figure 1.5 Organic linkers of MOFs.

Recently, a series of robust Zr-based MOF with different pore size, functional
group and topology were reported

37-39

. On account of strong coordination bond

between the Zr atoms and carboxylate oxygens, Zr-based MOFs exhibited excellent
chemical stability compared to other type of MOFs. UiO-66, a prototype of Zr-MOFs,
consisting of zirconium metal cluster Zr6O4(OH)4 and benzene-1,4-dicarboxylate (BDC)
organic linkers with face-center-cubic topology. UiO-66 composed of octahedral and
tetrahedral cavities (size ~11Å and ~9Å, respectively) with triangle window (size 6-7Å)
shown in Figure 1.6 37, 40.
8
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Figure 1.6 Crystal structure of sub-nanoscale UiO-66 and UiO-66 membrane.
Schematic of the UIO-66 structure. (A) (i) Crystal structure of UiO-66 (ii) The structure
of UiO-66 with octahedral and tetrahedral cavity has pore diameter of 11 Å and 9 Å,
respectively; (iii) Both cavities is connected with triangular windows have pore size
within 6~7Å 37, 40. (B) Schematic of UiO-66 membrane. (i) UiO-66 hybrid membrane
in nanometer scale view. (ii) Schematic of UiO-66 membrane lattice structure (iii) UiO66 membrane has ordered window size of 6~7 Å

UiO-66 has been used in separation process, and ion separation properties of UiO66 has also been investigated recently 41-42. For example, the multivalent ion which have
hydrated diameter ranged from ~8 Å to ~9Å can be effectively rejected by UiO-66
membrane due to the small window size, in contrast with monovalent ions (i.e. K+: ~6.6
Å, Cl－: ~6.6Å, Na+: ~7.2 Å) which can still pass through UiO-66 due to the appropriate
hydrated diameter of ions 41. Also, UiO-66 showed high ion selectivity toward specific
9
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halogen ions such as F /Cl ~13 42. Although UiO-66 shows exceptional ion selectivity,
－

－

the osmotic power conversion properties of UiO-66 membrane are still unexplored. The
effective strategy to synthesize highly selective UiO-66 membrane are necessary to
develop for harvesting osmotic power.

1.4. Fabrication of MOFs membrane
The form of MOFs species significantly affects the separation performance. Most
of the reported MOFs are in the form of either nano-meter scale or micro-meter scale
crystalline powder. Although MOFs particles make into packing bed are useful, it is not
suitable for separation application due to voids between particles. MOF membrane has
been fabricated for separation process and two main preparation strategies have been
developed including mixed matrix membrane (MMM) and polycrystalline grow on
substrate. MOF-based mixed matrix membrane means that dispersed the MOF powders
into polymer matrix. The purpose of MMM is to solve the trade-off limitation between
selectivity and permeability that pure polymer membranes surfer from. Unlike MMM
mixed with dense substrate, continuous polycrystalline MOFs layer which is served as
selective layer have been grown onto substrate which provides mechanical strength.
The properties of different kind of substrates are listed in Table 1.2, in which inorganic
substrate is the one suitable for osmotic power conversion system considering the
stability issue.
10
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Table 1.2 Comparison of membranes with different substates.
Substrate

Substance

Stability

Economy

Processability

High

Low

Moderate

Moderate

Moderate

High

Low

High

Low

Al2O3, TiO2, SiO2, Cu,
Inorganic
Ni
Polyimide,
Polyvinylidene
Polymer
fluoride, Polysulfone,
Nylon, Torlon
FreeNone
standing

However, it is difficult to fabricate defect-free and continuous polycrystalline. The
MOF membranes fabricated through heterogeneous nucleation usually suffer from the
defects such as intergrown defects, pinholes, grain boundary and cracks, which leads to
low selectivity. Although the first MOF membrane was reported in 2005

43

, the first

uniform MOF membrane used for separation process was not fabricated until 2009 44.
Thereafter, a series of MOF-based separation membranes have been fabricated. Various
fabrication methods have been reported, which can be mainly divided into two main
categories: direct growth and secondary growth.

11
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Direct growth means that the substrate is directly soaked in precursor solution
which contains metal and ligand precursors to grow MOFs 45. In this way, the nucleation,
growth and intergrowth of crystals are all happened in the same solution; the reaction
contains both heterogeneous nucleation on the substrate and homogeneous nucleation
in the bulk solution. Heterogeneous nucleation helps the forming of continuous
crystalline film, while fast homogeneous crystallization may cause the defects on the
substrate. Therefore, the reaction conditions are modulated to control the nucleation
rate such as temperature, concentration and amount of modulator41. Besides, chemical
modification of the substrate with molecules with functional groups of -NH2 and COOH is proved to combine metal ions or ligand in the solution; it can provide the
nucleation site which helps to form uniform MOF membrane and strengthen
mechanical stability of the membrane due to the chemical bonding between MOF and
substrate45.
Secondary growth means that fabricate membranes on MOF particles seeded
substrate, which can enhance the heterogeneous crystallization. The seeding procedure
is crucial for following membrane fabrication and two main categories of seeding
method has been developed including coating and in-situ growth of MOF crystals onto
substrate

45

. For coating process, the MOF crystal is synthesized solely and then is

coated onto the substrate by several methods such as dip coating, spin coating, rubbing
12
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and wiping, etc. Generally, after coating, the drying process is conducted and it
facilitates the seeds anchoring inside the substrate for secondary growth. On the other
hand, the reactive seeding process which grows seeds by in situ chemical reaction is
also reported46.
Overall, a series of fabrication techniques for fabricating MOF membrane has been
introduced based on different substrates. The suitable substrate material and fabrication
method are important for osmotic power conversion.

1.5. Aluminum nanochannel membrane (ANM)
Porous aluminum nanochannel membrane (ANM) grown on aluminum substrate
possesses mutually parallel and highly porous structure with pore diameters ranged
from 10-400 nm, pore density ranging from 108-1010 pores/cm2 as shown in Figure
1.7.

47

Under proper anodization condition, the porous oxide layer is formed into

hexagonally closed-pack structure and the pore structure is easily tunable.48 For
example, the thickness of ANM is proportional to amount of charge (i.e. anodization
time) involved in the reaction, while the pore diameter and interpore distance of ANM
is proportional to the anodizing potential.
The ANM has high channel density and ordered channel structure making them
has low resistance for ion transport. Also, the tunable pore structure and good
13
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mechanical stability of ANM make it a suitable substrate to develop composite
membrane

12, 49-53

. The ANM-based membranes are often used in the application of

filtration, ionic diode, and energy conversion 47.

Figure 1.7 Schematic structure of porous aluminum nanochannel membrane on
Al foil. 47
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2. Literature Review
2.1. Design of ion selective membrane
The design of heterogeneous membrane plays an important role in harvesting
high osmotic power output. In general, there are two main challenges needed to
overcome including high ion selectivity and high ionic flux for designing the membrane.
Generally, the ion selectivity of membrane can be enhanced by using the materials with
smaller pore size than below 20 nm. The smaller pore size gives the higher ion
selectivity. Besides, the ionic flux can be increased by using materials with high pore
density and ordered channel structure. Thus, the osmotic power conversion
performance depends on different structure of heterogeneous membranes. In this
chapter, the osmotic power conversion based on series of composite membranes will
be introduced and discussed.
Gao et. al. (2014) reported the heterogeneous nanochannel with mesoporous
carbon (pore size~ 7nm) and macroporous aluminum (pore size ~ 80nm)12; the
thickness of materials is 4.2 μm and 60μm, respectively. The mesoporous carbon
materials, acted as cation selective layer, has uniform pore size and high specific surface
area of 499 m2/g. The selective ion transport layer facilitates the power density reaches
3.46 W/m2 under 0.5 M NaCl/0.01 M NaCl solution as shown in Figure 2.1.

15
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Figure 2.1 Schematic of meso-/macorporous membrane for harvesting osmotic
power. 12

Zhang et. al. (2015) synthesized porous block copolymer (BCP) membrane with
a track-etched polyethylene terephthalate (PET) membrane54. The pore size of BCP
membrane was around 10 nm providing anion selectivity. Although the PET
(thickness~ 12μm) and BCP (thickness ~100 nm) were thin, the relatively low pore
density of PET (107 cm-2) resulted in limited diffusion current. The maximum power
output reached 0.35 W/m2 under 0.5 M and 0.01 M NaCl solution.
Zhang et. al. (2017) combined two block copolymers (BCP) to form Janus
membranes with thickness of the membrane is around 500 nm as shown in Figure 2.2
(A)55. Both BCP layers had straight nanochannel and possesses pore size of 16 nm and
10 nm, respectively. However, some misalignment of two layers of straight channels
resulted in dead end of nanochannels, which loses some ion flux as shown in Figure 2.2
(B). The power density reached 2.04 W/m2 under 0.5 M/0.01 M NaCl solution.

16
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Figure 2.2 Schematic of (A) Janus membrane for harvesting osmotic power and
(B) statistics analysis of dead-end nanopore.

Zhu et. al. (2017) combined three/two-dimensional polyphenylsulfone

(PPSU)/graphene oxide (GO) membrane 56. The irregular pore of PPSY with pore size
of 9 nm and thickness of 1μm was synthesized on the top of GO sheet. The GO layer
with pore size and thickness of 0.9 nm and 31 μm, respectively. The results showed
that with increasing surface charge and porosity of PPSU leads to the higher osmotic
power output, which 0.76 W/m2 was reach under 0.5 M NaCl/0.01 M NaCl solution.
Li et. al. (2018) synthesized polystyrene sulfonate (PSS)/MOF-199 hybrid
membranes on anodic aluminum oxide (AAO) as shown in Figure 2.3 57. The pore size
build between MOF particles was around 5 nm with thickness of 1.6 μm, while AAO
substrate has thickness of 80 μ m. The author investigated cation selectivity by
modulating PSS amount in the MOF-199, which the more PSS leaded to higher
selectivity due to the increased surface charge. The maximum power density reaches
2.87 W/m2 under 0.5 M/0.01M NaCl solution.
17
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Figure 2.3 Preparation processes for the hybrid nanochannel membranes. 57

Zhu et. al. (2018) designed two ionomers, negatively charged hexasulfonated
poly(aryl ether ketone)s (PAEK-HS) and positively charged poly(ether sulfone)s with
pyridine pendants (PES-Py) as shown in Figure 2.4 58. The irregular pore size of PAEKHS/PES-Py was around 9 nm. On the other hand, the resistance of membrane was
investigated based on different porosity and charge density by tuning the pendent
proportions. The results showed that the resistance decreased with increasing porosity
and surface charge of the membrane. The osmotic power output reaches maximum of
2.66 W/m2 under 0.5 M/0.01M NaCl solution.

Figure 2.4 Schematic of PAEK-HS/PES-Py. 58

Xin et. al. (2019) fabricated silk nanofibril membrane (pore size ~ 20nm) on
AAO substrate (pore size ~ 80nm)53. The osmotic power generated using pristine
18
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membrane and composite membrane was investigated. The results exhibited that the
combination of AAO substrate with ion-selective SNF membrane can increase the
osmotic power output compared with bare membrane. The osmotic power density up
to 2.86 W/m2 was achieved under 50-fold concentration gradient.
Huang et. al. (2019) fabricated polyether sulfone/sulfonated polyether
sulfone (PES/SPES) membranes with pore size of ~10 nm and ~100 nm, respectively59.
The effect of membrane thickness had been investigated for harvesting osmotic power.
The thinner the membrane the higher power output was observed and the maximum
power density reached 2.48 W/m2 for osmotic power generation.
Zhang et. al. (2019) mixed Kevlar nanofiber into MXene membranes60. The
negatively charged ANF between MXene nanosheets could enhance the space charge
and expanding the channel to 10 nm as shown in Figure 2.5. The results showed that
coupling the surface charge of MXene and space charge of Kevlar nanofiber in the
confinement region could enhance the osmotic power conversion due to the enhanced
cation selectivity. The maximum power output of 4.1 W/m2 was achieved by mixing
natural sea water and river water.

19
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Figure 2.5 Schematic of the influence of the ANF content on the energy conversion
process. 60

Xiao et. al. (2020) fabricated AAO and ion-selective polystyrene opals
composite membrane61. Through changing the opals size the channel size can be
modulated from 32 nm to 8 nm. Also, the research pointed out the opposite charge of
ion selective layer and substrate materials can lead to higher osmotic power outputs.
The output power density up to 3.16 W/m2 was achieved using 0.5 M/ 0.01 M KCl
solution.
In conclusion, the osmotic power conversion using different kind of
composite membranes are listed in Figure 2.6 and Table 2.1. The heterogeneous
nanochannel membrane, whose asymmetric chemical composition and structure can
endow efficient ion transport characteristic. In general, heterogeneous membrane is
composed of asymmetric structure of thick support layer and thin ion-selective layer.
Membrane with ordered channel is often used as substrate to provide high ion flux and
20
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mechanical stability such as inorganic substrate (i.e. anodic aluminum oxide (AAO))
and organic membrane (i.e. PET). For ion-selective layer, material with pore size of
smaller than 20 nm has been fabricated to selectively transport ions considering the
EDL thickness. With the ion-selective layer, the diffusion current can be enhanced and
lead to increased osmotic power output. Combining advantages of both substrate and
ion-selective layer, the heterogeneous has great potential for application on osmotic
power conversion. It is worth to mention that most of the invented membrane are
focused on nanoscale membrane, however, the osmotic power generated based on subnanoscale membrane are seldom discussed. Therefore, in this research we tried to

2

Power density (W/m )

fabricate the membrane with sub-nanochannel structure.

Carbon/ AAO (2014)
BCP/PET (2015)
Janus BCP (2017)
GO/PPSU-Pyx (2017)
PSS/MOF(2018)
PEAK-HS/PES-Py (2018)
SNF/ AAO (2019)
PES/SPES (2019)
PEO/AAO (2019)
MXene/ANF (2019)
COOH-opals/AAO (2020)

4
3
2
1
0
1

10

Selective pore (nm)
Figure 2.6 Osmotic power conversion using composite membranes

21

doi:10.6342/NTU202001848

Table 2.1 The osmotic power conversion based on series of state-of-the-art
composite membrane under 0.5M/0.01M concentration gradient.
Power density
Membrane

Pore size(nm)

Ref.

(W/m2)
Carbon/ AAO

3.46

10

12

BCP/PET

0.35

10

54

Janus BCP

2.04

10

55

GO/PPSY-Pyx

0.76

0.84

56

MOF199@PSS/AAO

2.87

≒5

57

PEAK-HS/PES-Py

2.66

9

58

SNF/AAO

2.87

20

53

PES/SPES

2.48

1.7

59

PEO/AAO

2.94

5

52

MXene/XANF

3.7

10

60

COOH-opals/AAO

3.16

8

61
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2.2. Fabrication of UiO-66 membrane
Owe to high water stability and high ion selectivity of UiO-66, it has been used to
fabricate into membrane for different application. On the other hand, limited by the low
mechanical strength of pure UiO-66 membrane, two main types of UiO-66 membrane
have been developed. One is mixed matrix membrane (MMM), which the UiO-66
particles was blended with polymer together to form a membrane. The other is
polycrystalline membrane supported by the inorganic substrate or organic substrate
with porous structure. In this section, the later one is focused, due to the lower ion
transport resistance. When growing UiO-66 onto the substrate, the defects such as
intergrown defects or pinholes usually generated and limited their performance due to
the poor heterogeneous nucleation. Given this problem, some researchers focus on
using modulator (i.e. water, benzoic acid) to control the crystallization rate of UiO-66.
Also, heterogeneous nucleation can be enhanced by modified substrate or seeding
process. The following will focus on some paper survey about fabrication
polycrystalline UiO-66 membrane grown on different substrate.
Miyamoto (2015) fabricated monocrystalline UiO-66 film on the Si substrate with
a molar composition of 1 ZrCl2 : 1 BDC : 1 H2O : 500 acetic acid : 1500 DMF (N,Ndimethylformamide) by solvothermal reaction62. The acetic acid was served as
modulator to control the rate of crystal growth, which is essential to achieve high
23
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orientation. On the other hand, water was served as accelerating agent for the hydrolysis
of Zr precursor, which enhanced intergrowth of UiO-66 crystals but did not influence
the orientation of UiO-66 film as shown in Figure 2.7.

Figure 2.7 Influence of acetic acid and water on the crystal growth of UiO-66 film.
62

Liu et. al. (2015) reported the first continuous UiO-66 polycrystalline membranes
supported on alumina hollow fiber through in situ solvothermal synthesis41. The hollow
fiber was immersed reaction solution with the molar ratio of ZrCl4/BDC/H2O/DMF=
1:1:1:500 reacted for 72 hours for 3 days. The author pointed out the amount of water
in the mother solution for membrane synthesis is critical to the nucleation and
intergrowth of UiO-66 crystals. Therefore, the anhydrous chemicals and solvent should
keep fresh in every experiment.
Wan et. al. (2017) modified a-Al2O3 substrate with 3-aminopropy-ltriethoxysilane
(APTES) to act as molecular linker for anchoring metal ions to promote the nucleation
24
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and crystallization of UiO-66-NH263. The solvothermal reaction was conducted in the
reaction solution with the molar ratio of ZrCl4/BDC/H2O/DMF= 1:1:1:500 at 120 ℃
for 24 hours. After modified with APTES, a dense layer of UiO-66-NH2 was grown
onto the substrate. The reaction was repeated for two times to eliminated intercrystalline defects and to form uniform UiO-66-NH2 membrane.
Li et. al. (2018) fabricated UiO-66-NH2 film on quartz capillary by a flow method,
which the substrate was modified with APTES to provide active nucleation site and
growth sites for growing uniform UiO-66-NH2 membrane64. The precursor solution
with a molar ratio of ZrCl4/BDC/H2O/DMF= 1:1:1:1000 was prepared and pumped into
the capillary tube at the flow rate of 0.4 mL/h and reacted under 120 ℃ as shown in
Figure 2.8. The reaction time was changed from 8 hours to 20 hours to form the
thickness from 1.7 μm to 7.6 μm.

Figure 2.8 Schematic representation of the fabrication process for growing UiO66-NH2 onto quartz capillary. 64
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Xu et. al. (2019) grew UiO-66-NH2 with leaf-like nanostructure onto the porous
AAO substrate by counter diffusion method65. The AAO was mounted between twocompartment reaction cell, where metal salt (ZrCl4) solution and 2-aminoterephthalic
acid (2-NH2-BDC; used as a ligand) solution were added inside each cell, separately,
as shown in Figure 2.9. The HCl was added inside ligand solution to act as modulator.
The reaction was conducted under 80 ℃ for 48 hours using N, N-dimethylformamide
(DMF) as solvent. The metal salt diffuses through AAO to react with ligands to grow
UiO-66-NH2 on AAO substrate.

Figure 2.9 Three-step route to produce highly decorated UiO-66-NH2 membranes.

Li et. al. (2019) fabricated UiO-66 and UiO-66-NH2 into single nanochannel PET
membrane (tip side ~ 36 nm; base side ~328 nm) by in situ solvothermal method as
shown in Figure 2.1042. The PET was served as support to house UiO-66 in nanochannel,
since the asymmetric shape and the 1,4-dicarboxylate acid group on the PETnanochannel wall will favor in situ growth of UiO-66 inside the nanochannel. The
reaction was conducted using precursor solution with a molar ratio of
26
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ZrCl4/BDC/H2O/DMF= 1:1:1:1000 at 100 ℃ for 24 hours.

Figure 2.10 Fabrication and characterization of PET-UiO-66-X nanochannels. 42

Lu et. al. (2020) fabricated UiO-66-(COOH)2 into single nanochannel PET
membrane (tip side ~ 59 nm; base side ~363 nm)34. The experiment process had two
main steps: seeding and counter-diffusion. First, the UiO-66-(COOH)2 powder was
made into suspension form and was seeded inside PET channel by applying a potential
of 2V. This step facilitated the nanoconfined nucleation and growth of UiO-66(COOH)2. Second, the seeded PET membrane was clamped into two home-made cells,
one of which was filled with ZrCl4 aqueous solution and the other with ligand solution.
This step assembled the adjacent MOF into full block in the channel. The solution with
molar ratio of ZrCl4/ H4BTEC/H2O=1:1:180 and the reaction was maintained at 100 ℃
for 48 hours.
Rong et. al. (2020) synthesized UiO-66 onto α-Al2O3 by tertiary growth by using
ZrS2 as metal source with three main steps included as shown in Figure 2.11 66. First,
27

doi:10.6342/NTU202001848

the UiO-66 powder was spin coated onto the substrate as seeded layer and the substrate
was dried under 70 ℃. Second, the seeded membrane was immersed in
ZrS2/H2BDC/Acetic acid/DMF = 1:1.15:100:500 solution for 48 hours at 140 ℃.
Finally, tertiary growth was conducted for another 24 hours with the same condition as
described in second step to further reduced grain boundary defects.

Figure 2.11 Schematic illustration of preparation of UiO-66 membrane using
layered ZrS2 as zirconium source by tertiary growth. 66

In conclusion, the heterogeneous nucleation of UiO-66 can be enhanced with
suitable functional group on the substrate (APTES and 1,4-dicarboxylate acid) or with
seeding method. Besides, the nucleation rate of UiO-66 can be increased with water
and HCl, while it can be decreased with adding the benzoic acid and acetic acid. To
fabricate a uniform UiO-66 membrane onto the porous substrate with hydroxyl group
(-OH), the combination of modified substrate and the optimized reaction condition is
necessary.
28
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3. Objectives
This research focuses on fabricating composite membrane for harvesting osmotic
power effectively and selectively with sub-nanochannel structure. The two main
challenges for fabricating ion-selective membrane will be addressed including high ion
selectivity and high ionic flux.
For improving ion selectivity of the membrane, UiO-66-NH2 with sub-nanoscale
window size around 6~7 Å is chose as ion selective layer on account of comparable
EDL thickness. The EDL overlaps in the UiO-66-NH2 channel to get ion selectivity
under seawater concentration. However, it is difficult to fabricate UiO-66-NH2 onto
ANM due to low heterogeneous nucleation on the substrate. Thus, the ANM is modified
with molecular with -NH2 functional group before growing UiO-66-NH2 onto ANM by
solvothermal method as shown in Figure 3.1.

Figure 3.1 Fabrication process of UiO-66-NH2@ANM membrane
29
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To enhance the ion flux of the membrane, the highly ordered ANM channel with
low resistance and highly porous UiO-66-NH2 with high ion flux are chose to form
composite membrane. Besides, the ion flux generated under concentration gradient
using different electrolytes will be investigated. Also, the osmotic power conversion
of UiO-66-NH2 membrane will also be compared with ANM.
In conclusion, solvothermal synthesis of UiO-66-NH2@ANM with defect-free
surface and stable structure that can be used in harvesting osmotic power. The objective
is to investigate the osmotic power conversion property under sub-nanochannel UiO66-NH2@ANM as shown in Figure 3.2.

Figure 3.2 Schematic of UiO-66@ANM membrane for harvesting osmotic power
energy.
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4. Experimental
4.1. Chemicals and materials
Table 4.1 Chemicals and materials used in this work.
Chemical/Material

Property

Company

Aluminum foil

99.9995%

Strem Chemicals

Oxalic acid

99.8%

Showa

Sulfuric acid
Perchloric acid

99%

Osaka

70%

Showa

Ethanol

95%

ECHO Chemical

Acetone
Chromium oxide

99%
99%

ECHO Chemical
Showa

Hydrochloric acid

37%

Sigma

Copper chloride

97%

Showa

Phosphoric acid
Toluene
3-triethoxysilylpropylamine

85%
99.5%
≧98%

Scharlau
JT Baker
Sigma-Aldrich

Zirconium (IV) chloride

99.5+%-Zr

Strem Chemicals

2-Aminoterephthalic acid
Benzoic acid

99%
ACS reagent, ≧99.5%

Sigma-Aldrich
Sigma-Aldrich

N,N-dimethylformamide

Anhydrous

MACRON

Potassium chloride

99%

JT Baker

Potassium bromide

spectroscopic grade

Honeywell

Potassium nitrate

99%

Alfa Aesar

Potassium sulfate

99%

Duksan
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4.2. Equipment
Table 4.2 Equipment used in this experiment.
Equipment

Product name

Homemade Teflon anodization Holder

Jianda Industrial Co., Ltd. (健大實業)

Grinder

PL02A

Refrigerated Circulating Baths

BL720D

Magnetic stirrer

HMS-102

DC Power Supply

PWS 250-4.5

Picoammeter

Keithley 6487

Lyophilizer

EYELA, FDU 1200

Circulation oven

RHDM-452

Centrifuge

Sigma, 3-30 KS

Autoclave stainless steel

GL Glass

Teflon-lined 50 mL container,
diameter 30mm

GL Glass

Orbital shaker

OS701

Sonicator

DELTA ultrasonic cleaner

X-ray diffractometer (XRD)

Ultima IV

Field-emission scanning electron

NovaTM NanoSEM230

microscope (FE-SEM)
Energy Dispersive Spectroscopy (EDS)

NovaTM NanoSEM230

Specific surface area & pore size
distribution

Micromeritics, ASAP2020

X-ray Photoelectron Spectroscopy
(XPS)

Thermo Scientific, Theta Probe

optical contact angle meter

OSA60-G

Zeta potential

Zetasizer Nano ZS
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4.3. Preparation of aluminum nanochannel membrane (ANM)
4.3.1.

Fabrication of ANM with pore size of 50 nm

The schematic of preparation process for long-range ordered ANM is shown in
Figure 4.1 First, a high purity Al sheet (99.9995%) was washed with acetone, ethanol
and water in sequence. The cleaned sheet was assembled in a homemade Teflon
anodization holder and was conducted electrochemical polishing in the solution (1:4
v/v HClO4–EtOH) at 20 V for 90 s in order to get the flat sheet. Subsequently, the ANM
was fabricated through a modified two-step anodization process as previous reports 67.
The anodization process was conducted in 0.3 M oxalic acid under 50 V at 20 ℃ for 30
min to grow a layer of aluminum oxide. Then, the disordered aluminum oxide layer
was removed by mixed solution (H3PO4/ CrO3/water) at 60°C for 1 h. The second
anodization took 1 h under the same condition as described above. In order to achieve
a free-standing ANM, the ANM was mounted between two homemade Teflon cells and
the remaining aluminum was etched by mixed solution (CuCl2/HCl/water). The barrier
layer of ANM was etched by 5 wt% H3PO4 for 55 min at 30 ℃ to get a nanochannel
membrane.
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Figure 4.1 Fabrication process of aluminum nanochannel membrane (ANM). (A)
Schematic of high purity aluminum sheet. (B) Electropolishing of aluminum sheet to
form a flat and uniform surface. (C) First anodization process to grow irregular
arrangement of ANM. (D) Etching the irregular oxide layer to form concaves. (E)
Second anodization process to form regular ANM. (F) Removing aluminum layer to
form free standing membrane. (G) Removing barrier layer to get ANM.
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Fabrication of ANM with pore size of 25 nm

4.3.2.

The ANM was fabricated through a modified two-step anodization of aluminum
foil as shown in Figure 4.1

67

. Anodization process was conducted in 0.3 M sulfuric

acid solution under 25 V at 1 ℃. The reaction time for first and second anodization
process was 2 h and 5 h, respectively. The disordered aluminum oxide layer was
removed by mixed solution (H3PO4/ CrO3/water) at 60°C for 1 h. In order to achieve a
free-standing ANM, the remaining aluminum layer was etched by mixed solution
(CuCl2/HCl/water), and ANM barrier layer was removed by 5 wt% H3PO4 for 30 min
at 30 ℃.
Table 4.3 The parameters for fabricating ANM.
Solution

Process
Oxalic acid

Sulfuric acid

Concentration

0.3 M

0.3 M

Anodization voltage

50 V

25 V

Anodization temperature

20 ℃

1℃

1st anodization time

30 min

2h

Removing disordered oxide layer

60 ℃, 1 h

60 ℃, 1 h

2nd anodization time

1h

5h

Removing barrier layer

30 ℃, 55 mins

30 ℃, 30 mins
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4.4. Surface modification of ANM
The ANM was secured with Teflon holder and was vertically put on porous Teflon
plate in a glass device with a magnet in the bottom shown in Figure 4.2. The device has
two pores, which one was plugged with rubber stopper for tubes and the other was
connected to Schlenk line. Before the experiment, the device was vacuum for 30 min
to get rid of water and air. Then, the needle was plugged into the rubber stopper as outlet
and N2 was continuously supplied into the device for 10 min. After the device was filled
with N2, the APTES (0.5% v/v) solution with toluene was added into the device with a
syringe. The modification process was conducted at 50 ℃ for 3 h under N2
environment. After reaction, the modified ANM was cleaned three times with toluene
and ethanol, the membrane was cured in an oven at 110 ℃ for 1 h to ensure
modification.

Figure 4.2 Schematic of ANM modification process. (A) Schematic of modification
device. (B) The device plugged with rubber stopper and vacuumed for getting rid of
water and air. (C) The needle plugged inside the rubber stopper to serve as N2 outlet to
provide nitrogen environment. The feed added from the rubber stopper with the syringe.
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4.5. Synthesis of UiO-66-NH2@ANM and UiO-66-NH2 powder
The synthesis process of UiO-66-NH2@ANM is shown in Figure 4.3. First, ANM
was immersed in 33 mM 2-Aminoterephthalic acid and DMF mixed solution for 12
hours to fabricate self-assembling membrane of the linker in order to increase the
growth density and uniformity of UiO-66-NH2 layer. Second, a mixture of ZrCl4 (0.116
g, 0.5 mmol), benzoic acid (5.06 g, 41.4 mmol) and DMF (30 mL) solution was stirred
for 30 min in beaker. Then, the solution was transferred to 50-mL Teflon container and
heated at 80 ℃ for 2 h. After the solution was cooled to room temperature, BDC-NH2
(0.0906 g, 0.5 mmol) was added in the container and sonicated for 30 min. Subsequently,
the container was placed into stainless steel autoclave, in which ANM membrane was
secured vertically with a holder in order to prevent growth on the backside. The
autoclave was placed in an oven reacting at 120 ℃ for 24h. After cooling to room
temperature, the as-prepared membrane was immersed in DMF for 1 h, followed by
immersing in EtOH overnight. Finally, the membrane was dried at 45 ℃ for further
characterization.
The UiO-66-NH2 powder was collected from the UiO-66-NM2@ANM reaction
solution, which was centrifuged by N,N-dimethylformamide at 20,000 rpm for 5
minutes. This washing process was repeated for 3 times. Then, UiO-66-NH2 powder
was washed by ethanol and centrifuged at 20,000 rpm for another 5 minutes. The result
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powders were stored in lyophilizer for at least 12 hours for drying. The powder was
further characterized by XRD, zeta potential and ASAP.

Figure 4.3 Schematic of synthesizing process of UiO-66-NH2@ANM. (A) ANM
soaked in 2-aminoterephthalic acid solution for self-assembling. (B) The ANM putted
vertically into a Teflon bottle with precursor solution. (C) The Teflon bottle transferred
into autoclave to conduct reaction. (D) After washing and drying, the derived assynthesized UiO-66-NH2@ANM.

4.6. Characterizations
4.6.1.

X-ray diffractometer (XRD)

XRD patterns were measured on X-ray diffractometer (Ultima IV, Rigaku, Japan)
with Cu Kα radiation (λ=1.5418 Å) to investigate the crystal structure of UiO-66-NH2
powders and membranes; All measurements conditions are listed in Table 4.4. The
scanning range was set to a maximum of 35 °to avoid the aluminum substrate signals.
Table 4.4 Measurement conditions of XRD.
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4.6.2.

Condition

Value

X-Ray Source

Cu Kα

Wavelength

1.5418 Å

Voltage

40 kV

Current

40 mA

Angle range (2 theta)

5 °~35 °

Angle per step

0.02 °/step

Scanning rate

10 °/minute

Field-emission scanning electron microscope (FE-SEM)

The morphology of free-standing ANM and UiO-66-NH2@ANM was observed
by FE-SEM (NovaTM NanoSEM230, FEI, USA). For preparation SEM samples, both
free-standing membranes are brittle that can be crushed with tweezers. For top view of
FE-SEM images, the membrane fragments were stuck onto carbon conductive tapes on
a holder. For cross-sectional view of FE-SEM images, the vertical holder with carbon
conductive tapes was used to carry the samples. Before observation, the samples were
vacuumed for 10 minutes and sputtered with Pt for 2 minutes at a current of 20 mA.
The operation voltage was set at 10 kV, and the spot size was varied from 3 to 4.
4.6.3.

SEM-energy dispersive spectroscopy (EDS)

Elemental mappings were obtained by energy dispersive spectroscopy connected
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with FE-SEM. The preparation methods of samples were same as described in Section
4.6.2. Spot size was 4, while operation voltage was 10 kV.

4.6.4.

X-ray photoelectron spectroscopy (XPS)

XPS spectra were performed using Thermo Scientific K α XPS (Thermo
Scientific, UK) to identify the modified ANM with 3-triethoxysilylpropylamine. Before
measurement, the reference of C1s photoelectron peak (binding energy of 284.5 eV)
was used for binding energy calibration.

4.6.5.

Contact angle

Contact angle of the membrane was recorded using optical contact angle meter
(OSA60-G, Ningbo NB Scientific Instruments Co., Ltd., China) and the data was an
average of three consecutive measurements. Each measurement was conducted with 10
μL of DI-water and was recorded by the video for 10 seconds. The recorded contact
angle was calculated after it became stable.

4.6.6.

Specific surface area analyzer

N2 adsorption/desorption isotherm at 77K was carried out using automatic
instrument (ASAP2020, Micromeritics Inc., USA). The sample was degas at 120 ℃
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and reached high vacuum (4 μ m Hg) condition. The specific surface area was
calculated based on Brunauer-Emmett-Teller theory, while the pore size distribution
was calculated using non-linear density functional theory (NLDFT).

4.6.7.

Zeta potential

Zeta potential of UiO-66-NH2 powder was conducted using Zetasizer Nano ZS
(Malvern Instruments, UK) in 0.01 M KCl solution with 0.01 wt% UiO-66-NH2. The
pH value of the solution was adjusted by 0.1 M HCl and KOH solution.

4.6.8.

Ion transport measurement

The UiO-66-NH2@ANM were mounted between two halves of a home-made
electrochemical cell. Then, electrolyte solution prepared with deionized water (18.2
MΩ∙cm, MilliQ) under various concentrations was injected into both cells as shown in
Figure 4.4. In all the experiments, the testing area of the system was 0.03 mm2 which
was consistent with previous research

12, 60

. The I-V curves properties were recorded

with Keithley6487 picoammeter (Keithley Instruments, Cleveland, Ohio) with a pair of
Ag/AgCl electrodes and working electrode was placed in the cell facing UiO-66-NH2
layer. For ion transport test, the scanning voltage ranges from -2V to 2V with a step of
0.2V. On the other hand, the osmotic power properties were tested by scanning I-V
curves under different concentration gradient across UiO-66-NH2@ANM. The
41
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sweeping voltages was applied ranging from -0.2V to 0.2V with 0.01V per step.

Figure 4.4 Schematic of transmembrane current recording device.

4.6.9.

Redox potential measurement

As shown in the equivalent circuit in Figure 4.4, the measured voltage (Vmeasured)
is composed of diffusion potential (Vdiff) and redox potential (Vredox). In the testing
system, Vdiff is contributed by the transmembrane salinity gradient and Vredox is
generated from the potential drop between solution electrode interface. Therefore, Vdiff
can be calculated as:
Vdiff=Vmeasured-Vredox
The redox potential from the electrode was measured by experiment method with
same testing device, except that only micro-scale wafer was mounted between two cells.
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In this case, Vmeasured was merely contributed from Vredox because almost no Vdiff could
be generated through non-ion-selective pore. This method can effectively exclude the
unanticipated factors that influence the results

Figure 4.5 Equivalent circuit of the osmotic power system.
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5. Results and Discussion
5.1. Characterization of ANM
The ANM was fabricated by second anodization process as describe in previous
report and it was used as substrate to grow MOFs here

67

. The scanning electron

microscope (SEM) images showed that the ANM with highly ordered channel structure
with pore length of 17.3 μm and pore size around 55 nm had been fabricated
successfully as shown in Figure 5.1 (A)-(C). The X-ray diffraction (XRD) patterns of
ANM showed the sharp peak at 45.2 ° referred to (200) phase of aluminum substrate as
shown in Figure 5.1 (D).
To grow continuous UiO-66-NH2 layer onto the ANM was modified with 3aminopropyltriethoxysilane (APTES) and toluene mixed solution under N2
environment in order to synthesize continuous UiO-66-NH2 membrane. The APTES
used here was acted as modification reagent which provided nucleation sites for
growing UiO-66-NH2. It is difficult to grow continuous MOF layer on the bare ANM
due to poor heterogeneous nucleation between substrate and UiO-66-NH2 63. X-ray
photoelectron spectroscopy (XPS) results tested after surface modification showed
distinct peak in the N1s spectrum, which verified the APTES was grown on the
substrate shown in Figure 5.2.
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Counts(s)

Figure 5.1 SEM and XRD analysis of ANM. (A) Cross-sectional and (B) top view
SEM images of ANM. (C) Histogram of pore size distribution with gaussian fit line
(orange curve) of ANM. (D) XRD pattern of ANM.

APTES-treated ANM

Bare ANM

395

400

405

Binding Energy(eV)

410

Figure 5.2 XPS spectra of APTES-treated ANM and bare ANM. The appearance of
N1s spectrum indicates the successful modification on ANM.
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5.2. Characterization of UiO-66-NH2@ANM
UiO-66-NH2@ANM was synthesized by in-situ solvothermal reaction, where
ANM was soaked in Zirconium (Zr) ion, 2-aminoterephthalic acid and benzoic acid
mixed solution for growing UiO-66-NH2. The amount of benzoic acid has been
optimized and it was served as modulator to control the crystal size of UiO-66-NH2 on
ANM 38.
The asymmetric structure and physical properties of as-prepared hybrid membrane
were investigated by series of characterization techniques. The SEM images on the top
view of UiO-66-NH2@ANM showed the well intergrown UiO-66-NH2 layer without
observable defect and pinhole shown in Figure 5.3 (A). As shown in Figure 5.3 (B),
UiO-66-NH2 layer was anchored on the ANM surface and thickness of UiO-66-NH2
layer was around 600 nm with small region up to 1000 nm thick. The bottom side SEM
image of UiO-66-NH2@ANM showed some unreacted ligand attached on the substrate.
The XRD patterns identified the crystal structure of UiO-66-NH2, which two main
peaks of UiO-66-NH2 at 7.4 ° and 8.5 ° are attributed to the (111) and (200) crystal
plane, respectively, shown in Figure 5.3 (D). Also, only one side of membrane showed
UiO-66-NH2 signal in XRD patterns proved that UiO-66-NH2 was only synthesized on
the bottom side of ANM. The UiO-66-NH2@ANM exhibited super hydrophilic with
contact angle of 12.6 ° and 63.7 ° for UIO-66-NH2 and ANM, respectively shown in
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Figure 5.4. According to N2 adsorption/desorption isotherm, UiO-66-NH2 exhibits the
high Brunauer-Emmett-Teller (BET) surface area of 1106 m2/g shown in Figure 5.6 (A);
the pore size distribution profile was calculated based on nonlocal density functional
theory (NL-DFT) and the smallest window size around 6.66 Å was observed in UiO66-NH2 shown Figure 5.6 (B).

Figure 5.3 Characterization of UiO-66-NH2@ANM. (A) Top, (B) Cross-sectional
and (C) Bottom view SEM images of UiO-66-NH2@ANM. (D) XRD patterns of
synthesized UiO-66-NH2@ANM and simulated pattern of UiO-66-NH2 crystal.
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Figure 5.4 Contact angle of the UiO-66-NH2@ANM. (A) UiO-66-NH2 is super
hydrophilic and (B) ANM is also hydrophilic.
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Figure 5.5 N2 adsorption/desorption isotherm and pore size distribution of UiO66-NH2. (A) UiO-66-NH2 shows specific surface area of 1106 m2/g and (B) window
size of 0.66-0.71 nm.
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5.3. Ion transport property of UiO-66-NH2@ANM
The ion transport property of UiO-66-NH2@ANM membrane has been
investigated by using homemade electrochemical cell and monitoring the
transmembrane ionic current. In order to examine the stability of the ion transportation,
the current-time (I-t) test has been conducted under 0.01 M KCl solution by alternately
applying voltage of 1V/-1V. Each cycle is lasted for 6 minutes and total experiment is
lasted for 48 minutes. The results showed ionic current maintained at the same level
which indicated the ion transport stability of the membrane under both positive and
negative external bias shown in Figure 5.6 (A).
The ion conductance through UiO-66-NH2@ANM has been tested using KCl
solution at series of concentration from 1μM to 3M shown in Figure 5.6 (B). Here, the
conductance has two distinct characteristic properties at concentration higher and lower
than 1 M. At high concentration range (>1 M) the conductance showed linear
relationship with increasing concentration, which was same as conductance in bulk
solution (gray line). On the other hand, it started to deviated from the bulk value (gray
line) below 1M solution and approaches a plateau at lower concentration. The
conductance becomes 1-2 orders of magnitude higher than bulk value and was
independent of bulk concentration, which indicated that the ion transport behavior was
dominated by the surface charge. This behavior was contributed to the comparable
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electrical double layer thickness (or called Debye length λD) to the sub-nanoscale
channel radius. As bulk concentration decreased, the increasing Debye length leaded to
overlapped electrical double layer (EDL) in UiO-66-NH2 channel due to the
comparable window size of 6.6 Å shown in Figure 5.6 (B). Hence, the ion conductance
was dominated by accumulated counter ions inside the channel, whose amount is
determined by EDL and surface charge, indicating typical surface-charge-governed
transport behavior. On the other hand, at higher concentrations, the Debye length is
negligible compared to UiO-66-NH2 window size, which resulting in bulk conductance.
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Figure 5.6 Ion transport properties of UiO-66-NH2@ANM. (A) I–T curves of the
hybrid membrane recorded in 0.01M KCl with an external bias alternating between +1
V and −1 V to investigate the stability of ion transport through the hybrid membrane.
The inset below the figure shows that each cycle (+1 and −1 V) is sustained for 6 min.
(B) Transmembrane ionic conductance recorded with KCl solution concentration
ranging from 10-6 M to 3 M. The ionic conductance deviates from the bulk value (gray
line) under 1M (orange line) KCl solution in UiO-66-NH2@ANM. Inset schematically
shows the electrical double layer overlapping in the UiO-66-NH2 channel under at 1 M
KCl solution.
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Furthermore, in order to investigate ion selectivity, which is arise from overlapped
EDL in the channel of UiO-66-NH2@ANM, two qualitative methods were used. First,
zeta potential was conducted to examine surface charge of the UiO-66-NH2 in 0.01 M
KCl under pH 3.1, 6.1 and 8.8 shown in Figure 5.7; the increasing surface charge with
decreasing pH value was due to protonated Zr-based cluster and amino group68. Second,
energy dispersive X-ray spectroscopy (EDS) mapping was used for visualizing ion
selectivity after immersing UiO-66-NH2@ANM into 0.1 M KCl solution for 30 mins,
followed by washing with DI water. The EDX images shows the Cl－ signal is stronger
than K+ signal, which verified that UiO-66-NH2@ANM has anion selectivity shown in
Figure 5.8. This anion selectivity endows UiO-66-NH2@ANM for further osmotic
power conversion applications.

Zeta potential (mV)

50
40
30
20
10
0

pH 3.1

pH 6.1

pH 8.8

Figure 5.7 Zeta potential of UiO-66-NH2 powder at various pH values. UiO-66NH2 powders are positive charge in the pH range from 3.1 to 8.8.
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Figure 5.8 SEM and corresponding EDX mapping of UiO-66-NH2@ANM after
immersed in 0.1 M KCl solution for 30 mins. The EDX mapping shows stronger
chloride signal than potassium signal in the UiO-66-NH2@ANM, which indicates the
anion selectivity of the membrane.

5.4. Osmotic power conversion
The osmotic power energy is a sustainable energy source and can be harvest by
using ion-selective membrane 22, 69. Here, the artificial UiO-66-NH2@ANM with subnanoscale channel were used to realize osmotic power conversion properties such as
ion selectivity, efficiency, and power density. Briefly, the UiO-66-NH2@ANM was
mounted between two conductive cells, where filled with concentrated and dilute KCl
solution as shown in Figure 5.9. Due to concentration gradient, the ions diffused
through the membrane generating diffusion current (Idiff) and diffusion voltage (Vdiff),
which can be harvested and recorded by connecting the system to external circuit.
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Figure 5.9 Schematic of the energy harvesting device under a concentration
gradient with higher concentration side facing UiO-66-NH2 layer. The generated
osmotic power can be investigated by recording the I-V curves of the system.

First of all, two energy conversion configurations with concentrated solution filled
in each side of membrane were tested shown in Figure 5.10. For example, the
concentration gradient CUiO-66-NH2/CANM =1 M/1 mM was applied between the
membrane. The generated diffusion voltage and diffusion current were recorded by
scanning I-V curves. By reading the intercepts on the voltage axis and current axis, the
Idiff and Vdiff can be obtained, respectively. It is worth to mention that the contribution
of redox potential has been subtracted by applying electrode calibration (see Section
4.6.9, and Table 5.1 for more details). When concentrated solution was placed in UiO66-NH2 side, the Vdiff and Idiff were 72.2 mV and 1.81 μA, respectively. On the other
hand, under a reversed concentration gradient with CUiO-66-NH2/CANM =1 mM/1 M, the
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corresponding Vdiff and Idiff were 46.1 mV and 1.05 μA, respectively. In the latter
configuration, the calculated inner resistance increased ~10%, which was due to the
preferential diffusion direction for anion in the asymmetric UiO-66-NH2@ANM

70

.

Therefore, the concentrated solution was placed in UiO-66-NH2 side for following
measurements.

Figure 5.10 Diffusion voltage and diffusion current tested under concentration
gradient. I-V curves of UiO-66-NH2@ANM recorded under two solution placements
at 1000-fold concentration gradient.

In order to investigate the ion selectivity and energy conversion efficiency, we
further tested the Vdiff and Idiff of UiO-66-NH2@ANM under a series of concentration
gradient. The lower concentration was fixed at 1 mM while the higher concentration
side changing from 10 mM to 3M shown in Figure 5.11. Both Vdiff and Idiff increased
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with increasing concentration gradient, and the highest value was corresponding to ~80
mV and ~50 μA, respectively.
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Figure 5.11 Diffusion voltage and diffusion current tested under a series of
concentration gradient. The higher concentration KCl solution faced UiO-66-NH2
side and diluted concentration was fixed at 1 mM.

The corresponding anion selectivity under various concentration gradient can be
further quantified by anion transference number (t－) by the following equation:




Ediff
1
t− =
+ 1

2  RT  CH CH
ln


 zF  CL CL


in which Ediff refers to diffusion potential; R, T, z, F, refer to gas constant, temperature,
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valence charge and Faraday constant, respectively; 𝛾 and c refer to ion activity
coefficient and concentration. When t － equals to 1 the membrane is perfect anion
selectivity. Accordingly, under concentration gradient of 0.5 M/0.01 M KCl, the anion
transference number was 0.88 as shown in Table 5.1. Also, UiO-66-NH2@ANM
exhibited t－ as high as 0.71 under saturated of 3 M/0.001 M KCl solution due to the
subnanochannel structure. The membrane exhibited high selectivity toward anions
which benefited the development of high-performance osmotic power generator.

Table 5.1 Vmeasured, Vredox, and Vdiff of UiO-66-NH2@ANM measured under series
of concentration gradient.
Concentration
gradient

10/1

50/1

100/1 500/1 1000/1 3000/1

500/10

Voc

75.3

104

117

141

156

176

101

Vredox

29

42

49

69

83

97

32

Vdiff

46.3

62

68

72

73

79

69

(mM/mM)
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The corresponding energy conversion efficiency ( max ) can be calculated based on
following equation:

max =

(2tn − 1)2
2

The energy conversion efficiency tested under series of concentration gradient,
showing the highest conversion efficiency of 33% under 10-fold concentration gradient
and the lowest conversion efficiency of 9% under 3000-fold concentration gradient as
shown in Figure 5.12. With 0.5 M/0.01M concentration gradient, UiO-66-NH2@ANM
showed conversion efficiency of 28.7 %. The efficient osmotic power conversion was
attributed to the sub-nanoscale window size of UiO-66-NH2 due to the overlapped
electrical double layer in the membrane under 0.5M KCl solution.

Conversion efficiency (%)

40
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20

10

0

10

100

1000

Concentration gradient
Figure 5.12 Energy conversion efficiency of UiO-66-NH2@ANM under different
concentration gradient.
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Moreover, the generated power density can supply the electronic load (RL) in the
external circuit and can be calculated as P = I  RL 2 , where I was the measured
diffusion current density under different concentration gradient. The osmotic power
output was tested based on 5-fold, 50-fold, and 500-fold concentration gradients, and
higher concentration side was fixed at 0.5 M. As a result, the diffusion current density
increased as the concentration gradient increased, and the external diffusion current
decreased with increasing load resistance shown in Figure 5.13 (A). The maximum
power outputs were 2.09, 4.79 and 6.8 W/m2 corresponding to 5-fold, 50-fold and 500fold concentration gradient, respectively, shown in Figure 5.13 (B). To the best of our
knowledge, the maximum power output reported value under 0.5 M/0.01 M
concentration gradient shown in Figure 5.14 12, 52-61, 71. The highly performance osmotic
power generator could be ascribed to high ion selectivity, ordered channel and porous
structure of UiO-66-NH2@ANM. As mentioned, sub-nanochannel UiO-66-NH2 acted
as ion selective layer which possessed good anion permselectivity. The decreasing
resistance in the system was due to the highly ordered channel structure in both UiO66-NH2 and ANM layer. In addition, the porous structure in both UiO-66-NH2 and
ANM could act as ion-storage layer to store ions inside the membrane contributing to
the considerable osmotic power generation.

60

doi:10.6342/NTU202001848

Figure 5.13 High-performance osmotic energy conversion of UiO-66-NH2@ANM.
(A) Current density recorded under different external resistance with various
concentration gradient. (B) Power density harvested under different concentration
gradient.
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Figure 5.14 The maximum osmotic power output extracts under 50-fold
concentration gradient compared to other state-of-the-art membrane system. 12, 5261, 71
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5.5. Selective osmotic power generation through UiO-66-NH2@ANM
The osmotic power of subnanochannel UiO-66-NH2@ANM was also tested with
various electrolyte solutions to investigate the anion selectivity. In order to compare
with nano-scaled channel, the ANM with ~25 nm in pore size was fabricated, and was
tested under the same experiment condition as shown in Figure 5.15.

Figure 5.15 SEM images and pore size distribution of ANM (dp=25 nm). (A) Top
view, (B) bottom view and (C) cross sectional view of ANM. (D) Histogram of pore
size distribution with gaussian fit line (orange curve) of ANM.
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The higher concentration side was fixed at 1M in order to minimize the surface
charge effect and to investigate the osmotic power generated using sub-nanoscale UiO66-NH2@ANM. The power output of UiO-66-NH2@ANM generated by using KBr,
KCl, KNO3 and K2SO4 under 10 mM/1 M concentration gradient was 25.58, 10.50,
0.02, 0.04 W/m2, respectively, shown in Figure 5.16 (A). On the other hand, the osmotic
power conversion of ANM showed 8.76 W/m2, 4.92 W/m2, 0.71 W/m2, 0.38 W/m2 for
KBr, KCl, K2SO4, KNO3, respectively, shown in Figure 5.16 (B). It is worth to mention
that the high osmotic power output of KBr and KCl in both membranes can be attributed
to the higher diffusion coefficient of anion than cation in the anion selectivity
membrane shown in Table 5.2 72. In addition, divalent anions (i.e. SO42－) has adverse
effect toward osmotic power generation due to the uphill transport and chelation, which
leads to low power output

73

. Besides, comparing with sub-nanochannel UiO-66-

NH2@ANM with ANM, the former showed higher osmotic power output in the case of
KBr and KCl solution, while showed lower power output in the KNO3 and K2SO4
solution shown in Figure 5.16 (C). The ion selectivity ratio calculated based on power
density of both membranes was shown in Figure 5.16 (D) and Table 5.3. As a result,
selectivity ratios Br－/NO3－, Cl－/NO3－ and SO42－/NO3－ of UiO-66-NH2@ANM were
1279, 525 and 2, respectively, whereas the corresponding selectivity ratios of the ANM
were all below 13.
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Figure 5.16 Highly selective osmotic power output of UiO-66-NH2@ANM under
1000/10 mM concentration gradient. (A) The osmotic power generation of UiO-66NH2@ANM with KBr, KCl, K2SO4 and KNO3 solution reaches 25.8, 10.5, 0.0475 and
0.0206 W/m2, respectively. (B) The power maximum of ANM is 8.76 W/m2, 4.92 W/m2,
0.71 W/m2, 0.38 W/m2 for KBr, KCl, K2SO4, KNO3, respectively. (C) The power
generation comparison between UiO-66-NH2@ANM and ANM (pore diameter of 25
nm) with different electrolyte solution. (D) Ion selectivity calculated based on power
density of membrane.
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Table 5.2 Hydrated and dehydrated ion diameters and ion diffusion coefficient. 74
Hydrated

Dehydrated

Mobilities

diameter (Å)

diameter (Å)

(10-8m2V-1s-1)

K+

6.62

2.66

7.62

Br-

6.60

3.90

8.13

Cl-

6.64

3.62

7.91

NO3-

6.70

5.28

7.40

SO42-

7.58

5.80

8.27

Ion

Table 5.3 Osmotic power output of UiO-66-NH2@ANM and ANM (dp=25 nm)
under different electrolyte solutions.
Salt
Power

KBr

KCl

KNO3

K2SO4

25.8

10.5

0.0206

0.0475

8.76

4.92

0.71

0.38

1240.5

509.2

1

2.30

12.3

6.93

1

0.535

UiO-66-

density

NH2@ANM

(W/m2)

AAO
UiO-66-

Ratio

NH2@ANM
AAO
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We supposed the sub-nanoscale pore size of UiO-66-NH2 contributed to the high
selectivity of UiO-66-NH2@ANM toward different anions due to the size exclusion
effect. The hydrated diameter of Br－(6.60 Å), Cl－(6.64 Å) are smaller than window
size of UiO-66-NH2 (0.66 nm based on BET results), therefore, they are able to diffuse
through UiO-66-NH2@ANM to generate a diffusion current. In contrast, the hydrated
diameter of NO3 － (6.70 Å) and SO42 － (7.58 Å) are too large to diffuse through the
membrane due to the size exclusion effect shown in Figure 5.17 74.

Figure 5.17 Schematic of ion selectivity of sub-nanometer UiO-66-NH2@ANM
based on size exclusion effect.

The hypothesis was verified by recording the short-circuit current (ISC) for 1 min
under the same experimental condition as shown in Figure 5.18. The UiO-6666
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NH2@ANM showed an increasing ISC in the case of KBr and KCl compared with
nanochannel ANM, and the smaller the hydrated diameters the higher ISC was observed.
However, when KNO3 and K2SO4 solution were used in UiO-66-NH2@ANM, the ISC
was very small, which indicated the anions were hardly pass through the UiO-66-NH2
windows. Besides, ANM shows more similar short circuit current for different kind
of anions because nano-scale channel is much larger than hydrated diameter of anions,
therefore, unobvious selectivity is observed toward different anions. In general, the
UiO-66-NH2@ANM showed excellent selectivity toward different anions because of
the small window size. In addition, the enhanced osmotic power output was observed
when the anions have the hydrated diameter smaller than UiO-66-NH2 window size.

Figure 5.18 Short circuit current of UiO-66-NH2@ANM and ANM (dp=25 nm)
membrane under 1000/10 mM concentration gradient with various electrolytes.
(A)The experiment was conducted for 1 min to recorded the short circuit current (ISC)
of UiO-66-NH2@ANM. The inset shows the enlarged image of ISC for K2SO4 and
KNO3. (B) Short circuit current (ISC) of ANM.
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5.6. Stability of UiO-66-NH2@ANM
Structural stability and long-term operation of UiO-66-NH2@ANM in water
environment were also investigated. For structure stability test, UiO-66-NH2@ANM
has been immersed in the DI water for one month under room temperature, and the
results show it still remained well morphology and good crystallinity shown in Figure
5.19. The good water and chemical stability of UiO-66 was attributed to the strong ZrO bond and compact structure of the metal cluster 37-38.

Figure 5.19 UiO-66-NH2@ANM stability in water environment. After soak in DI
water for one month, (A) SEM image and (B) XRD patterns of UiO-66-NH2@ANM.

In addition, the structure stability of UiO-66-NH2 in electrolyte solution has also
been tested; UiO-66-NH2 powder has been soaked in various 0.5 M electrolyte solution
for 7 days under room temperature. The XRD pattern and BET results indicated UiO-
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66-NH2 remained structure crystallinity and pore size even after long operation time in
saline environment shown in Figure 5.20.

Figure 5.20 UiO-66-NH2 stability in electrolyte solution. (A) The XRD patterns of
UiO-66-NH2 powder tested after it is soaked in various electrolytes solution for 7 days.
(B) Pore size distribution of UiO-66-NH2 powder before and after it was soaked in 0.5
M KCl for 1 week.

The short circuit current of the UiO-66-NH2@ANM has been tested under 500/10
mM KCl solution under continuous operation shown in Figure 5.21. The stable ISC
maintained at 90.8% for continuously operated for 12 h, exhibiting the long-term
operation of the membrane. Therefore, both continuous and stable operation of the UiO66-NH2@ANM make it holds great potential for future application.
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Figure 5.21 Short circuit current (ISC) of UiO-66-NH2@ANM recorded under
500/10 mM KCl concentration gradient for continuous 12 h.
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6. Conclusion
In summary, the pinhole-free composite membrane of subnanochannel UiO-66NH2 @ANM has been successfully developed to extract osmotic power efficiently,
selectively, and stably. The continuous UiO-66-NH2@ANM membrane with subnanoscale window exhibits charge-governed ion transport under 1M KCl showing
excellent anion selectivity. In addition, highly ordered channels and porous structure of
UiO-66-NH2@ANM contribute to high performance osmotic power conversion. The
UiO-66-NH2@ANM membrane exhibits high osmotic power density up to 4.79 W/m2
under 50-fold concentration gradient in KCl solution, which is the highest value
compared with other novel membrane system.
Furthermore, the UiO-66-NH2@ANM membrane shows the high selectivity
toward different anions due to the size effect. The enhanced power generation capacity
is observed when using anion with hydrated diameter smaller than window size of UiO66-NH2. The UiO-66-NH2@ANM exhibits power output as high as 25.8 W/m2 under
100-fold concentration gradient in KBr solution. Also, UiO-66-NH2@ANM showed
long-term operation capacity under saline environment. Thus, we believe our work
brings insights into both improved anion selectivity and enhanced osmotic power
conversion in the MOF-based membrane.
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7. Future Prospects
The sub-nanochannel UiO-66-NH2@ANM is able to selectively transport anion
under concentration gradient based on window size. In the future, the osmotic power
generated based on MOFs membrane with cation selectivity and different pore size is
also worth investigating. For developing cation-selective MOF membrane, UiO-66
membrane synthesized based on organic linker with -COOH functional group takes
negatively charge at pH 7, which can provide cation selectivity in the channel. On the
other hand, developing other water-stable MOFs membrane such as ZIF-8 or HKUST1 is able to provide different pore size. The versatile structure and different functional
groups enable MOF membranes to provide diversified ion-selective membranes in the
future.
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