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Block copolymer (BCP) self-assembly provides access to well-ordered nanostructures 

with tunable morphologies on a typical length scale of 5 - 50 nm. A unique approach combining 

BCP self-assembly and non-solvent induced phase separation (SNIPS) allows direct formation of 

graded porous superstructures that can be used in various applications. The graded superstructure 

is composed of a uniform mesoporous surface layer of ~ 100 nm thickness on top of a sponge-

like macroporous support layer of tens of micrometers in thickness. It has been utilized to make 

ultrafiltration membranes for water treatment and selective separation. 

In the first part, further development on SNIPS polymeric membranes is discussed. In 

situ grazing incidence small-angle X-ray scattering (GISAXS) was employed to study the 

structure evolution on doctor-bladed BCP films for membrane purposes. Transient ordered 

structures were observed during solvent evaporation, providing insights into the membrane 

formation mechanism. This method serves as a predictive tool and offers the potential to 

optimize the key parameters for SNIPS membrane production. By incorporating additives in the 

BCP self-assembly, the CNIPS (co-assembly and non-solvent induced phase separation) process 

is developed. CNIPS provides a new self-assembly platform upon which multifunctional and 

high-performance membranes can be formed. For example, an inexpensive small organic 

additive glycerol was successfully incorporated in membrane fabrication at various amounts. 



These CNIPS polymeric membranes have wide tunable pore sizes and provide a pathway to 

expand from ultrafiltraion towards nanofiltraion applications. 

In the second part, the discussion moves from purely polymeric structures towards 

organic-inorganic hybrid and purely inorganic graded porous structures. These hybrid/inorganic 

materials enable advanced membranes and a lot of other applications. To include additional 

functionalities, the CNIPS method was employed to introduce inorganic nanoparticles into the 

membranes. For example, a graded porous organic-inorganic hybrid membrane was achieved 

successfully by incorporating BCP and inorganic TiO2 sol nanoparticles through CNIPS. Hybrid 

membranes were reported to have significant increase in the permeability compared to plain 

polymeric membranes. Templating from SNIPS derived BCP structures, graded porous carbon, 

metal, and metal oxide materials were synthesized. We expect that such nanostructured porous 

inorganic materials may find use in applications such as separation, catalysis, biomedical 

implants, as well as energy conversion and storage. 
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CHAPTER 1 

 

INTRODUCTION 

 

 

The design, synthesis and characterization of porous nanomaterials have 

attracted considerable attention in the past decade.
1, 2

 Inspired by nature, the bottom up 

self-assembly process, where the local interactions among components/building blocks 

drive the system to form organized structure at a larger scale, is often employed.
3
 

Organic (macro-) molecular self-assembly has proven to be a powerful tool to 

construct a plethora of well-controlled 3D multi-dimensional superstructures and 

morphologies for applications, including membrane separation,
4
 catalysis,

5
 

bioengineering,
6
 energy storage and conversion.

7
  

Amphiphilic block copolymers (BCPs) are comprised of chemically distinct 

polymer chains or “blocks” which are covalently bonded to one another. Utilizing 

BCP self-assembly, periodically ordered organic materials with feature sizes ranging 

from ~5 to 50 nm can be achieved. In addition, BCP can also be used to structure 

direct various additives into co-assembled hybrid nanostructures.
8-10

 The framework of 

equilibrium BCP thermodynamics allows for a quantitative understanding of the 

resulting structures and properties, and enables controlled transport phenomena of 

chemical species at the nanoscale.
11, 12

 Therefore, BCP self-assembled nanostructures 

have been widely applied to the design of novel devices for applications, including 

chemical separation
4
 and drug delivery.

13, 14
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Many of these technologies rely on membranes/thin films with robust 

mechanical properties and well-controlled pore dimensions and chemistries. 

Achieving equilibrium structures of BCP thin films with pores accessible from the 

surface usually requires careful solvent or thermal annealing processes. While 

homogeneous and periodic porosity facilitates structural characterization using 

scattering techniques, it is not always the most suitable structure. For example, in 

order to produce highly permeable separation media that combine high resolution with 

high flux, asymmetric pore structures with gradual changes in pore size, shape and/or 

wall thickness along the membrane film normal direction are desirable.
15, 16

 Fuel cell 

electrodes with a pore size gradient could minimize mass transport resistance to gases 

or fluids while also increasing the effective catalyst utilization and power density.
17, 18

 

Mimicking natural systems, inorganic implants with graded porosity are often more 

favorable than uniform porous biomaterials, as they lead to improved mechanical 

properties and biological performance.
19, 20

  

As a result of their unique properties, it is desired to push structures away from 

equilibrium and prepare functional graded porous materials. Following the work 

reported by Peinemann et al. using a polystyrene-block-poly(4-vinylpyridine) diblock 

copolymer in 2007,
15

 the Wiesner Group at Cornell University developed the 

polyisoprene-block-polysytrene-block-poly(4-vinylpyridine) (ISV) triblock terpolymer 

system that undergoes self-assembly and non-solvent induced phase separation 

(SNIPS),
21

 to form graded porous polymeric films that can be used as ultrafiltration 

(UF) membranes. This simple and fast method involves dissolving a BCP in a specific 

solvent system, which is then doctor-bladed onto a substrate under controlled gate 
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height. The solvents in the film are allowed to evaporate for a short time (usually tens 

of seconds) to introduce a concentration gradient. The film is then immersed in a 

coagulation bath. The resulting ISV membrane has a graded, hierarchically porous 

structure, composed of a uniformly nanoporous surface (separation) layer above a 

macroporous, sponge-like support layer.
22

 (see Figure 1.1) These SNIPS derived 

membranes can achieve high selectivity as well as high flux due to the uniform pores 

at the top surface and the open sub-structures, respectively.  

 

Figure 1.1. SEM images of SNIPS structure. (a) Top surface showing uniform, periodic pores 

∼20 nm in diameter. (b) Cross-section near the surface showing ordered pores extending for 

about 100 nm vertically into the film above a disordered porous network. (c) Cross-section of 

the film showing the asymmetric porous substructure. (d) Walls of large pores near bottom 

surface of film exhibiting mesoscale porosity.  Reproduced with permission.
22

 Copyright 

2014, American Chemical Society. 
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While meaningful progress towards chemical block diversification has clearly 

been achieved,
15, 21, 23-28

 a fundamental understanding of the formation mechanism has 

yet to be fully revealed.
29

 The vast majority of mechanistic studies on SNIPS 

membranes relied on mostly ex situ measurements to elucidate possible formation 

mechanisms, such as small-angle X-ray/neutron scattering and electron microscopy 

techniques on ISV casting solutions and as-formed membranes. However, the most 

crucial structural evolution steps in the SNIPS process are during the short evaporation 

(<100 s) time period. The transient structures that are formed during this short 

evaporation window are highly critical to the performance of the final membranes.  

In Chapter 2, in situ GISAXS measurements were employed to study the 

structure evolution of doctor-bladed ISV triblock terpolymer films. In situ 

measurement techniques offer time-resolved information on structural evolution and 

provide insights into understanding the formation mechanism, especially during the 

self-assembly process. By varying the ISV molar masses and solution concentrations, 

we observed an amorphous to ordered/ordered to disordered surface structure 

evolution that may benefit membrane fabrication and further improve separation 

performance. 

A key parameter to the selectivity of a membrane is the pore size. Control of 

the pore size can be achieved by changing the overall BCP molecular weight
30, 31

 or 

blending BCPs of different molecular weight.
32

 However, synthesis of BCPs with 

varying molecular weights increases both production time and cost. A facile and 

effective method to tune the pore size is highly desirable. Chapter 3 describes the 

incorporation of an inexpensive organic additive glycerol with ISV terpolymer in the 
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co-assembly and non-solvent induced phase separation (CNIPS) process to fabricate 

graded porous membranes with controlled pore size. The wide range tunability lies in 

two directions: one in the expansion of the pore size due to BCP-glycerol co-assembly 

and glycerol dissolution creating larger open pores; the other in shrinkage of pore size 

when the poly(4-vinylpyridine) chains which line the pore walls get charged and 

expulsion of the swollen chains reduces the effective pore sizes. Thus, it also opens up 

a possible path to switching traditional UF application for BCP derived SNIPS 

membranes to nanofiltraion membranes.  

Furthermore, it is expected that a variety of separation applications of SNIPS 

membranes will ultimately require enhanced functionality, for example, through the 

incorporation of inorganic materials. The organic−inorganic membranes combine the 

properties of the inorganics, such as mechanical and thermal stability, chemical 

activity, and pressure resistivity, with the flexibility and processability of organic 

materials. 

In Chapter 4, BCP-TiO2 organic-inorganic hybrid membranes are described. 

The ISV-TiO2 asymmetric film consists of a ~150 nm thick surface separation layer of 

homogeneous mesoscale pores above a finger-like macroporous and hierarchical 

support structure. The resulting hybrid membranes exhibited sharp Molecular Weight 

Cut-Off (MWCO) curves, promising for high resolution separation. Compared with 

SNIPS derived all-organic polymer membranes, we observed a distinct morphological 

transition from sponge-like to finger-like sub-structure with the addition of increasing 

amounts of inorganics. Both sponge-like and finger-like macroporous morphologies 

are commonly observed in phase inversion membranes. We postulate the highly open 



6 

finger-like sub-structure contributed to the increase in permeability of the BCP-TiO2 

hybrid membranes (~3000 Lm
−2

 h
−1

 bar
−1

) compared to SNIPS derived BCP 

membranes (~300 Lm
−2 

h
−1

 bar
−1

). 

Graded porous inorganic materials directed by BCP self-assembly are expected 

to offer unique structural platforms relative to conventional porous inorganic 

materials. Their preparation to date remains a challenge, however, based on the 

sparsity of viable synthetic self-assembly pathways to control structural asymmetry. 

To translate the graded structure from BCP self-assembly into different materials types 

(inorganics), the fabrication of graded porous carbon, metal, and metal oxide film 

structures was demonstrated in Chapter 5. We expect that these novel inorganic graded 

porous materials may find use in applications including separation, catalysis, 

biomedical implants, and energy conversion and storage. 
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CHAPTER 2 

 

IN SITU GISAXS STUDY OF EVAPORATION INDUCED STRUCTURAL 

EVOLUTION IN ASYMMETRIC TRIBLOCK TERPOLYMER MEMBRANES
*
 

 

Abstract 

 

Evaporation-induced asymmetric triblock terpolymer membrane formation that relies 

on self-assembly of doctor bladed solutions was studied using in situ grazing 

incidence small-angle X-ray scattering (GISAXS). Transient ordered structures were 

observed at intermediate evaporation times as a function of terpolymer molar mass 

and solution concentration. Analysis of the GISAXS patterns revealed the evolution 

from amorphous to ordered structures including a transition from body-centered cubic 

(BCC) to simple cubic (SC) lattices, and finally to disordered structures. Gaining 

insights into the structural evolution of asymmetric triblock terpolymer film formation 

may enable further optimization of self-assembly plus non-solvent induced phase 

separation (SNIPS) based high performing isoporous asymmetric block copolymer 

ultrafiltration membranes. 

 

 

 

                                                
* Y. Gu, R. M. Dorin, K. W. Tan, D. M. Smilgies, U. Wiesner, To be submitted for publication. 
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Introduction 

 

The application of block copolymer (BCP) self-assembly enabling enhanced 

performance of nanoporous separation membranes has garnered much attention over 

the past decade.
1, 2

 In particular, through a combination of BCP self-assembly and 

non-solvent induced phase separation (SNIPS), integral-asymmetric isoporous 

membranes are formed with unique graded cross-sectional structures.
3
 The uniform 

pore size in the top skin layer (typically <200 nm in thickness) provides high 

selectivity/resolution, while the asymmetric macroporous cross-sectional structures 

ensure good permeability and serve as mechanical supports.
3-5

 Such asymmetric BCP 

membranes are not only relevant to ultrafiltration technology and drug delivery;
6, 7

 

they may also advance a plethora of potential energy related applications by 

incorporating other functional inorganic precursors and being transformed into purely 

inorganic or hybrid graded materials.
8, 9

 

SNIPS membranes are typically prepared by doctor blading a film of BCP 

solution onto a substrate, allowing the film to evaporate for a specified period of time, 

and finally plunging the film into a non-solvent, typically water, bath. The solvent 

evaporation creates a concentration gradient and drives the self-assembly of BCP near 

the top surface, while the structures near the bottom surface remain disordered. 

Immersion in a non-solvent bath causes rapid precipitation of the BCP and traps the 

non-equilibrium asymmetric structure kinetically.
3, 5, 10

 Desired membrane 

functionality can be tailored by designing chemical structures of BCPs. A variety of 

BCPs have been synthesized to fabricate SNIPS membranes.
3-5, 11-15

 The two most 
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extensively studied BCP based membrane systems to date are derived from 

polystyrene-block-poly(4-vinylpyridine) (SV) and polyisoprene-block-polystyrene-

block-poly(4-vinylpyridine) (ISV). By covalently attaching the third rubbery 

polyisoprene block, the ISV triblock terpolymer films were found to have significantly 

improved mechanical property compared with SV films of similar molar mass.
5
 While 

meaningful progress towards chemical block diversification has clearly been achieved, 

a better fundamental understanding of the formation mechanisms, in particular of the 

separation layer, is highly desirable.  

The vast majority of studies of SNIPS membranes rely on ex situ 

measurements including small-angle X-ray/neutron scattering and electron microscopy 

techniques on BCP casting solutions and as-formed membranes. However, crucial 

structural evolution steps in the SNIPS membrane formation process take place during 

the short evaporation time period (<100 s). During this time transient structures may 

form that are critical to the surface structures and performance of the final membranes. 

In situ measurement techniques offer time-resolved information on structural 

evolution thereby providing insights into understanding the formation mechanism, 

especially during the self-assembly process. Time-resolved grazing incidence small-

angle X-ray scattering (GISAXS)
16

 and in situ small-angle X-ray scattering (SAXS)
17, 

18
 have been employed to investigate SV and polystyrene-block-poly(2-vinylpyridine) 

diblock copolymer systems. Typically hexagonally ordered pores are observed on the 

top surface of these diblock copolymer membranes. Their time-resolved X-ray 

patterns mostly exhibit only one intense first-order peak, suggesting that structures are 

not well-ordered. In contrast to the hexagonal surface pore structures of diblocks, ISV 
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triblock terpolymer membranes with molar masses ranging from 43 to 115 kg/mol 

usually exhibit square lattices of surface pores of the skin layers.
19

 This suggests the 

structural formation mechanism of ISV membranes may be different from that of SV 

membranes. A better understanding of this mechanism is of scientific and 

technological relevance to the design of advanced high-performance ultrafiltration 

membranes. 

Recent work by Dorin et al. using solution SAXS suggested that in quiescent 

ISV solutions in THF/DOX solvent mixtures ISV micelles formed well-ordered 

structures at elevated solution concentrations (when compared to actual membrane 

casting solution concentrations), with reflections at (q/q*)
2
=1,2,3,4,5,6,7, consistent 

with a body-centered cubic (BCC) lattice.
19, 20

 However, a BCC lattice can only be 

translated to a square pore packing, if the (001) plane is in the in-plane direction 

relative to the film surface. Solution SAXS provides a useful predictive tool to 

estimate the upper concentration boundary at which SNIPS membranes should be 

casted. It does not provide insights, however, into the rapidly changing dynamics of 

the SNIPS evaporation process. The actual self-assembly process is expected to be 

complex and may involve components that can be understood based on 

thermodynamic driving forces,
21

 as well as kinetic effects. Here we report the structure 

evolution of doctor bladed ISV triblock terpolymer films employing in situ GISAXS 

measurements. By varying the ISV molar mass and solution concentration, we observe 

amorphous to order, order to order, as well as order to disorder surface structure 

transitions in as short evaporative time window. We hope that these insights may 
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ultimately enable improved membrane fabrication with advanced separation 

performance. 

 

Results and Discussions 

 

Two ISV triblock terpolymers were synthesized by anionic polymerization 

with molar masses of 43 kg/mol (ISV43) and 91 kg/mol (ISV91), and similar 

compositions of 0.27 vol% PI, 0.55 vol% PS, and 0.18 vol% P4VP (ISV43), and 0.32 

vol% PI, 0.55 vol% PS, and 0.13 vol% P4VP (ISV91), respectively. The polymers 

were dissolved in a mixed solvent of 1,4-dioxane (DOX) and tetrahydrofuran (THF) 

(7/3 by mass) at concentrations of 16 wt% and 20 wt% for ISV43 and 10 wt% for 

ISV91. The two ISV terpolymers were chosen since the formation of well-ordered 

isoporous, high performing ISV membranes via the SNIPS process has previously 

been reported for these two terpolymers.
19

  

In situ GISAXS experiments were performed on a custom-built doctor blade 

setup in the D1 beam line at the Cornell High Energy Synchrotron Source (CHESS), 

as detailed by Smilgies et al.
22

 A diagram of the experimental setup is shown in Figure 

2.1. The solutions were cast by an automated doctor blade across a glass substrate 

moving at a shear speed of 3000 μm/s. A gate height (coating gap between the blade 

and substrate) of 200 μm was used throughout the experiments. GISAXS data were 

collected almost immediately after casting with a total lead time of ~4 s, and at every 6 

s interval. The incident angles varied between 0.08
o
 and 0.15

o
, close to the critical 

angle of the ISV terpolymers but slightly lower than the critical angle of the glass 
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substrate. The GISAXS patterns are plotted against the scattering vector magnitude, q, 

in Figure 1, where q = 4π sin θ/λ, and θ is half of the total scattering angle, and λ is the 

X-ray wavelength. 

 

Fig. 2.1 Schematic representation of in situ GISAXS experimental setup.  

 

Fig. 2.2(a) shows the GISAXS patterns from the 10 wt% ISV91 film collected 

at different solvent evaporation times ranging from 4 to 124 s. ISV91 film was 

amorphous at the start of the experiment (4 s time point). Scattering rings first 

appeared in the GISAXS pattern around the 28 s time point. The lower half ring at the 

smaller qz is attributed to the transmission scattering, while the upper full power ring 

is associated with block copolymer phase separation. At the 52 s time point, multiple 

discrete Bragg reflection spots emerged in the GISAXS profile, indicating the 

transition from an amorphous phase to a highly ordered structure with long range 

order. After 100 s of solvent evaporation, the discrete Bragg spots disappeared 

suggesting loss of long range order. 
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In order to further illustrate the degree of orientation in the in-plane direction 

relative to the film surface, selective in-plane projection curves between qz = 0.16 nm
-1

 

and qz = 0.31 nm
-1

 are plotted in Fig. 2.2(b). The broad peak at qxy ~ 0.14 nm
-1

 

indicates that the ISV91 film was amorphous at the 4 s time point. A second order 

peak located at qxy = 0.21 nm
-1

 for the 28 s time point suggests the beginning of a 

phase transition. Between 28 to 52 s of solvent evaporation, an ordered structure with 

long-range order was formed as indicated by the four scattering peaks in the in-plane 

projection curve. However, the ordered structure was metastable as the higher ordered 

peaks disappeared at the 100 s time point, suggesting an order to disorder structure 

transition. The full time-resolved patterns are analyzed and the projection intensity 

map is shown in Fig. S2.1. Transient ordered structures were observed between 

evaporation times of 34 to 76 s, with the most intense Bragg spots occurring after 52 s 

of evaporation. The primary peak intensity gradually increases with evaporation time 

due to formation of pores on the film surface, thus increasing the scattering contrast. 

Fig. 2.2(c) displays the GISAXS pattern at the 52 s time point fitted to a simple 

cubic (SC) lattice with the (001) plane in the in-plane direction and a lattice parameter 

of 42 nm. The circles and crosses mark expected peak position of a SC lattice for the 

directly scattered and reflected beams, respectively. The yellow, red, and dashed red 

lines indicate the sample horizon, the polymer critical angle, and the substrate critical 

angle, respectively. The region between the critical angles (red lines) is referred as the 

Yoneda band with dynamically enhanced scattering. We propose the ISV film after 

evaporation of 34 s is composed of a two-layer structure with a solvent-swollen, self-

assembled top surface on top of a disordered block copolymer solution. A 
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concentration gradient across the film normal is formed as the solvents evaporate with 

increasing time. The solution concentration is the highest at the ISV91 film surface, 

driving the self-assembly of micelles to form the ordered structure. We observed 

similar bi-layer configurations in SNIPS membranes after plunging into the 

precipitating non-solvent bath, which petrified and kinetically trapped the membrane 

film structure.
5
 In summary, a phase transition from amorphous to ordered SC (~52 s) 

to disordered was observed upon solvent evaporation of the 10 wt% ISV91 film. 

 

Fig. 2.2 (a) Selected GISAXS patterns for 10 wt% ISV91 solution cast and evaporated for 

various times. (b) In plane projection patterns (between qz = 0.16 nm
-1

 and qz = 0.31 nm
-1

) as a 
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function of evaporation time. (c) GISAXS pattern of ISV91 film after 52 s of evaporation with 

expected spots marked for a SC lattice 

 

Interestingly, the GISAXS patterns in Fig. 2.3(a) show that the 16 wt% ISV43 

film underwent two distinct but transient ordered structures during solvent evaporation 

from 4 to 76 s. At the start of the experiment, the ISV43 film was amorphous (4 s time 

point). However, at the 16 and 40 s evaporation time points, two very different spotty 

GISAXS patterns were sequentially observed. Fig. 2.3(b) shows the GISAXS pattern 

at the 18 s time point which could be best fitted to a BCC lattice with the (110) plane 

in the in-plane direction and a lattice parameter of 36 nm. In contrast, at the 40 s time 

point, the GISAXS pattern is best indexed to a SC lattice with the (001) plane in the 

in-plane direction and a lattice parameter of 28 nm. By the 76 s time point, the 

resultant structure of the ISV43 film was disordered. Clearly, two transient ordered 

structures were observed within the evaporation time window of 10 to 70 s (not all 

data shown in Fig. 2.3). Moreover, comparing the 10 wt% ISV91 (see Fig. 2.2(a)) to 

the 16 wt% ISV43 films (see Fig. 2.3(a)), the onset of the transient ordered structures 

was much earlier for the smaller terpolymer (34 s and 10 s, respectively). Overall the 

doctor-bladed 16 wt% ISV43 terpolymer underwent structural transitions from 

amorphous to BCC (~ 18 s) to SC (~ 40 s) to disordered. 
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Fig. 2.3 (a) Selected GISAXS patterns for 16 wt% ISV43 solution cast and evaporated for 

various times. (b) GISAXS pattern of ISV43 film after 16 s of evaporation with expected spots 

marked for a BCC lattice. (c) GISAXS pattern of ISV43 film after 40 s of evaporation with 

expected spots marked for a SC lattice.  

 

Fig. 2.4(a) shows the time-resolved GISAXS patterns of ISV43 film doctor-

bladed at a higher, i.e. 20 wt% concentration. The first clear difference to the lower 

concentration measurements was the observation that the onset of the transient ordered 

structure in the GISAXS pattern was increased from about 10 s to 46 s. Furthermore, 

instead of sharp spotty patterns, patterns with short lines were observed. This is 

attributed to a slight variation of incidence angles due to an uneven film surface. Fig. 

2.4b shows the spottiest GISAXS pattern at the 70 s time point indexed to a BCC 
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lattice with a lattice parameter of 37 nm and the (110) plane in the in-plane direction. 

The ordered structure disappeared by the 130 s time point. The transient ordered 

structure was mostly observed within the solvent evaporation time window from 46 to 

88 s (not all data shown in Fig. 2.4).  

 

Fig. 2.4. (a) Selected GISAXS patterns (incidence angle) for 20 wt% ISV43 solution cast and 

evaporated for various times: 4 s is the first GISAXS pattern in the whole sample set, 46 s 

shows the onset for ordered structure with Bragg spots, 88 s is the evaporation time when the 

Bragg spots disappear. (b) GISAXS pattern for 20 wt% ISV43 film after 70 s of evaporation 

with expected spots marked for a BCC lattice.. 
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Table 2.1. Comparison between GISAXS and previous solution SAXS studies of polymer 

ordering, and characteristic structural feature length analysis. 

Polymer 

Polymer 

Concentration
b
 

(wt%) 

Observed 

Ordered 

Structure(s)  

 

q*(nm
-1

) 

Transient 

Structure 

Time Window 

ISV91 10  SC 0.148 ~34 s to 76 s 

ISV43 16  
BCC  
SC 

0.237 (BCC) 
0.222 (SC) 

~10 s to 70 s 

ISV43  

(viscous) 
20  BCC 0.237 ~46 s to 88 s 

ISV91 
(solution SAXS)

a
 

16  BCC 0.147  

ISV43 

(solution SAXS)
a
 

24  BCC (or SC) 0.233  

a
Results from previous solution SAXS studies by Dorin et al. 

19
 

b
For solution SAXS experiments, this concentration represents the polymer concentration in 

the capillary and remains the same throughout the static SAXS measurements. For GISAXS 

experiments, this concentration represents the initial polymer concentration before doctor 
blading and evaporation. 
 

 

Table 2.1 summarizes the in situ GISAXS results, as compared to ex situ 

solution SAXS results from a previous study.
19

 In the mixed solvent system 

THF/DOX the ISV terpolymer is expected to form micelles with the polyisoprene 

block at the micelle core and the poly(4-vinylpyridine) block on the micelle surface.
5
 

In general, ordered micellar structures were observed in the doctor-bladed ISV films 

for 10–20 wt% solution concentrations after specific evaporation times. As expected, 

ordered structures were observed by solution SAXS under quiescent conditions, i.e. 

without evaporation, at higher concentrations only (16–24 wt%). As reported in our 

previous work
19

, we found 16 wt% to be the optimal casting solution concentration for 

terpolymer ISV43 giving rise to well-ordered membranes where the mesopores at the 

film surface assumed a square lattice. Real time GISAXS data of the present study 
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indicate that solvent evaporation drives structural transitions from amorphous to SC to 

BCC to disordered in the 16 wt% ISV43 film. In contrast, at the higher 20 wt% 

concentration, only transitions from amorphous to BCC to disordered were observed. 

From solution SAXS, only the BCC structure was observed in quiescent ISV43 

solutions at higher concentrations.
19

 Finally, for 10 wt% ISV91 derived films, 

structural transitions from amorphous to SC to disordered were observed in the 

GISAXS experiments, while the solution structure as observed by SAXS on quiescent 

16 wt% solutions was indexed by a BCC lattice.   

We postulate the smaller molar mass ISV43 micelles have higher mobility at 

the lower 16 wt% solution concentration, allowing structural transitions from 

amorphous to BCC to SC to disordered. The ISV43 micelle mobility is reduced with 

increasing solution concentration to 20 wt%, resulting in transitions from amorphous 

to BCC (~18 s) to disordered. The reduced mobility as a result of increased viscosity 

may also explain the shift to later times (from ~10s to ~46s, see Table 2.1) of the onset 

of structural transitions for the more concentrated ISV43 film. Furthermore, a higher 

concentration leads to faster drying of the film, which may explain why the order–

order (BCC–SC) transition was not observed in the 20 wt% ISV43 film. Finally, we 

speculate that for 10 wt% ISV91, the film was kinetically trapped in the SC lattice 

attributed to the low micelle mobility of the higher molar mass ISV. Additional factors 

during solvent evaporation may also influence the transient structure formation 

compared to static equilibrium conditions. Phillip et al. reported that in their BCP thin 

films, the solvent evaporation could align cylindrical domains to perpendicular 

orientation.
21
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In order to correlate the GISAXS analysis with the structures observed for the 

final fabricated membranes, the lattice parameters obtained from GISAXS were 

compared with the pore-to-pore distance of the square lattice on the membrane 

surfaces. The value for q* in Table 2.1 represents  the first order peak position in the 

GISAXS patterns. We found similar values of q* were obtained from solution SAXS 

or GISAXS for both ISV systems, correlating the characteristic morphological length 

scale for each polymer. The lattice parameter a, derived from GISAXS, is also 

obtained. For the SC lattice, a = 2∙π∕q*; and for the BCC lattice, a = 2√2∙π∕q*. In 

the final membranes, the lattice parameter correlates with the channel-to-channel 

spacing (pore-to-pore distance). For the 10 wt% ISV91 and 16 wt% ISV43 solutions, 

where the concentrations are close to optimal membrane casting conditions, the lattice 

parameters a (using the SC lattice) from GISAXS are 42 nm and 28 nm, respectively. 

The previously reported pore-to-pore distances were 45 nm and 26 nm for ISV91 and 

ISV43 membranes, respectively.
19

 Furthermore, SC (001) planes in the in-plane 

direction relative to the film surface exhibit four-fold symmetry. Indeed, during 

membrane fabrication, we observed the pores were arranged in a four-fold square 

lattice symmetry after plunging the self-assembled films into the non-solvent bath.  

In addition, the transient structures time window from the GISAXS 

measurements correlates with the previously reported evaporation times of less than 

75 s for the fabrication of asymmetric ISV43 and ISV91 membranes.
19

 However, the 

current GISAXS measurements now provide more precise information for optimized 

BCP membrane casting conditions. In the BCP SNIPS casting process, multiple 

parameters have to be varied, such as evaporation time before plunging, polymer 
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concentration and THF/DOX solvent ratio. The final structures cannot be checked 

until the as-formed membranes are submitted to electron microscopy: This is a lengthy 

and tedious process. As shown in this study in situ GISAXS greatly enhances the 

ability to monitor the evaporation process and determine the parameters for optimal 

membrane fabrication.  

 

Understanding the formation process of SNIPS membranes has important 

implications for broadening the scope of high-performance block copolymer 

ultrafiltration membranes. Through in situ GISAXS during SNIPS membrane 

formation, the surface structure evolution could be monitored. Transient ordered 

structures could be observed during solvent evaporation. Overall, membrane structure 

undergoes several transitions from amorphous to ordered to disordered during the 

short evaporation time period (<100s). We speculate that for the different systems 

investigated here variations in micelle mobility as a result of different molar mass or 

solution concentration/viscosity of the ISV micelles in the THF/DOX solvent mixture 

play a key role in the structural evolution of the BCP films. Through application of in 

situ GISAXS, the critical parameter of evaporation time can be optimized via real-time 

observations. In situ GISAXS therefore provides a powerful tool to monitor, analyze 

and understand the dynamic membrane formation process. It may therefore become of 

technical importance in exploring, predicting and designing improved BCP systems 

for advanced membrane developments.  
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APPENDIX A 

 

 
Fig. S2.1 Time resolved GISAXS in plane projections of the ISV91 film from 4 s to 178 s 

evaporation at a 6 s time interval. Each horizontal slice is an intensity map of the in plane 

projections at the particular evaporation time.  
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Fig. S2.2. AFM image of the dried ISV91 film (after one month drying in ambient) (left) and 

the corresponding FFT analysis (right) using Image J. The FFT only contains one peak with 

position q*= 0.0957 nm
-1

. It suggests the dry film structure is disordered without any long-

range ordering. 
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CHAPTER 3 

 

TAILORING PORE SIZE OF GRADED MESOPOROUS BLOCK COPOLYMER 

MEMBRANES: MOVING FROM ULTRAFILTRATION TOWARDS 

NANOFILTRATION
*
 

 

Abstract: 

 

Tailoring pore size of ultrafiltration membranes all the way down towards the 

nanofiltration regime in a predictable manner from molecular design principles is 

highly desirable. Here we present a way to achieve this in surface separation layers of 

non-solvent induced phase separation (NIPS) derived graded block copolymer (BCP) 

membranes by means of an organic additive. Glycerol, a non-toxic organic molecule, 

is incorporated at varying amounts into poly (isoprene-b-styrene-b-4-vinylpyridine) 

(ISV) triblock terpolymer casting solutions. Employing scanning electron microscopy 

image analysis and solute rejection tests on resulting membranes, the relationship 

between the amount of additives and membrane performance (permeability, 

selectivity) is established. Pore size increases from 23 nm to 48 nm are achieved by 

moving from membranes cast from pure ISV solutions to those cast from up to 40% 

weight (relative to ISV) glycerol containing solutions. It is then demonstrated how a 

combination of additive driven pore expansion in conjunction with P4VP chain 

stretching via charge repulsion can be used to reduce pore sizes down to 5 nm under 

acidic (pH 3.6) conditions. This provides a path to move from ultrafiltration towards 

                                                
* Y. Gu, U. Wiesner. To be submitted for publication. 
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nanofiltration applications for asymmetric BCP membranes without compromising 

membrane mechanical properties enabling production of advanced membranes with 

wide tunability, low cost and high performance. 

 

Introduction 

 

The design of nanoporous polymer membranes is of scientific as well as 

technological relevance for selective separation, controlled drug delivery, and water 

purification.
1-4

 Filtration materials are classified into ultrafiltration
5
 and nanofiltration

6
 

membranes (~ 10 - 100 nm and ~ 0.5 – 2 nm pore diameter, respectively), depending 

on the pore size of the selective (separation) layer, and are used to separate objects of 

different sizes ranging from colloids to individual (bio-) molecules. 

A long-standing goal in membrane technology is the control of transport of 

chemical species while sustaining an efficient separation process. With well-defined 

nanostructures, high accessible porosity, and tunable chemical and mechanical 

properties, block copolymers (BCPs) are receiving growing interest for the preparation 

of advanced membranes, especially for ultrafiltration (UF) purposes due to their 

typical self-assembled mesoscale domain sizes.
3, 4, 7, 8

 Recently BCP self-assembly 

(SA) has been combined with non-solvent induced phase separation (NIPS) enabling 

asymmetric BCP membrane formation,
9-11

 a one-step scalable method now referred to 

as SNIPS.
12

 SNIPS membranes typically contain a thin (< 200 nm) mesoporous skin 

layer with a high density of vertically-aligned cylindrical pores on top of a relatively 

thick (typically ~50 mircons) meso- to macroporous (or hierarchical) support 



 

30 

 

structure.
9, 11

 The uniform mesopores in the top surface provide high 

selectivity/resolution, while the macroporous substructures ensure good permeability 

and serve as mechanical support.  

One of the emerging advantages of working with BCP self-assembly derived 

phase inversion membranes is that membrane properties can be tailored based on 

macromolecular design and architecture and well-established self-assembly concepts. 

The theoretic framework of equilibrium BCP thermodynamics allows for quantitative 

understanding of the resulting bulk structures and enables tuning mesoscopic domain 

dimensions and organization. In part this may be translatable to membrane separation 

layer structure formation, an inherently non-equilibrium process. For example, one 

effective way to change BCP derived membrane pore size is to change the molar mass 

of the BCP, since the characteristic domain size in BCP self-assembly is determined 

by molecular chain length. Indeed, by changing total BCP molar mass, Dorin et al. 

and Rangou et al. demonstrated wide pore size tunability in membranes from 

poly (isoprene-b-styrene-b-4-vinylpyridine) (ISV) triblock terpolymers and 

poly (styrene-b-4-vinylpyridine) (SV) diblock copolymers, respectively.
13, 14

 Binary 

blending of BCPs has also been shown to tailor pore size in between those of the 

individual parent membranes according to different blend compositions.
15

 While 

varying BCP molar mass is an effective way of achieving uniform pores of different 

sizes, it requires multiple syntheses of the respective BCPs. It is therefore highly 

desirable to explore alternative pathways to tune pore size that are still based on well-

established concepts of BCP self-assembly, but do not require extensive BCP 

synthesis efforts. 
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An alternative route to molar mass variation in order to alter the dimensions of 

phase separated domains is adding miscible components (additives) to the BCPs. For 

example, selectively swelling one block of a BCP using TiO2 nanoparticles (NPs) has 

been demonstrated to lead to morphological transitions in the top surface layer of the 

membrane as a result of different swelling fractions. This process combines co-

assembly of additives and BCPs with NIPS, and is now referred to as CNIPS.
16

 

Selective interactions between a specific block and additives facilitating mixing 

include coordination and hydrogen bonding. Small inorganic additives such as metal 

salts known to coordinate with poly(4-vinylpyridine) (P4VP) have also been reported 

for the production of BCP based phase inversion membranes.
17-19

 Organic additives 

used to form hydrogen bonds and/or favoring acid-base complexation include 

homopolymers,
11

 carbohydrates,
20

 and small organic molecules containing –OH or –

COOH groups.
21

  

To date demonstration of pore size tunability using either organic or inorganic 

additives has been limited, however. Compared with the parent BCP membrane with 

narrowly size dispersed and ordered pore surface structure, the largest pore size 

increase reported so far was less than 40%, and was based on a homopolymer (P4VP) 

as swelling agent.
11

 Comparable tunability of pore size as a result of small molar mass 

organic additives has not been reported to date. This is partially due to the relatively 

small amounts of additives used so far (< 10% by weight relative to BCP)
11, 19

, in 

order to prevent precipitation in, or gelation of, the casting solution.  

In this study we demonstrate that glycerol (propane-1,2,3-triol), a non-toxic 

small organic molecule, can be used as an additive in the casting solution of ISV BCP 
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based asymmetric ultrafiltration membranes thereby tailoring pore size in the 

separation layer. Amounts of up to 40% by weight still result in stable BCP membrane 

formation with pore sizes twice as large as for the parent BCP. At the same time 

introducing glycerol in the casting solution substantially reduces the necessary amount 

of BCP (up to a factor of two and more), leading to more open membrane 

substructures without substantially compromising mechanical integrity and durability.   

This study establishes the correlation between additive amount and membrane 

pore size using only a single BCP. Wide range tunability of pore size is pursued in two 

directions: expansion of pore size due to BCP-glycerol co-assembly and subsequent 

glycerol dissolution creating larger open pores compared to the parent BCP; shrinkage 

of pore size when P4VP chains lining the pore walls get charged and expulsion of the 

swollen chains reduces effective pore size. By introducing glycerol in the casting 

solution, compared with the pristine ISV membrane (pore diameter ~23 nm), the pore 

size of the resulting membranes can either be increased by more than a factor of two 

(diameter ~ 48 nm) or decreased by a factor of four (diameter ~ 5 nm), as determined 

by solute rejection tests, when either DI water or acidic (pH=3.6) buffer solutions are 

employed, respectively. The significant pore size reduction to 5 nm, which is at the 

lower bound of the BCP self-assembly length scale, opens up a possible path toward 

bridging from ultrafiltration to nanofiltration membranes with the help of BCPs. 

 

Results and Discussions 
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Triblock terpolymer ISV with total molar mass of 99 kg/mol and volume 

fractions of 0.26, 0.61 and 0.13 for polyisoprene (PI), polystyrene (PS) and P4VP 

blocks, respectively, was synthesized by living anionic polymerization as described 

elsewhere.
11

 Graded mesoporous membranes were achieved through ISV and glycerol 

co-assembly combined with non-solvent induced phase separation (CNIPS) involving 

three steps:
16

 (1) Casting; Solutions were cast onto a glass substrate into a thin film by 

a doctor blade with controlled gate height of 220 μm; (2) Evaporation; The solvent 

was allowed to evaporate for a short period of time (typically ~ 75 seconds for the ISV 

membrane systems); (3) Phase inversion; The casted and evaporated films were 

transferred into a coagulation (non-solvent) bath for NIPS to take place. 

The membrane casting solutions contained different glycerol/ISV mass ratios 

(ranging from 0 to 0.40) in a binary solvent mixture of tetrahydrofuran (THF) and 1,4-

dioxane (DOX) at a fixed THF/DOX mass ratio of 3/7. All solutions were stirred 

overnight at room temperature before casting. After casting, solvent evaporation 

creates a concentration gradient across the membrane and drives ISV-glycerol co-

assembly into a dense layer near the top surface. Via immersion into water, self-

assembled surface layer and graded cross-sectional substructure get kinetically trapped 

due to rapid solvent/non-solvent exchange and precipitation of the polymer. Glycerol 

is well soluble in water and is expected to leach out into the water bath quickly. A 

representative cross-sectional view of a resulting membrane is shown in Figure 3.1a. 

In addition to well-developed top surface layers (Figure 3.2), membranes displayed 

asymmetric sponge-like cross-sectional structures, providing mechanical stability. 

Higher-magnification images of cross-sections near the top and bottom surfaces of a 
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membrane are shown in Figure 3.1b and c, respectively. The open structure directly 

underneath the separation layer (b), as well as mesopores in the walls of the 

macropores (c) are typical features of hierarchical substructure formation of ISV based 

asymmetric membranes.  

 

Figure 3.1. SEM images of a representative cross-sectional membrane structure prepared from 

glycerol containing ISV BCP solutions. (a) Full membrane cross-section; (b,c) Higher-

magnification images of cross-sections near the top surface (b), and close to the bottom 

surface (c). The casting solution for this membrane exhibited glycerol/ISV and ISV/solvents 

mass ratios of 0.11 and 0.06, respectively, and the evaporation time after membrane casting 

was 75 s. 

 

In order to correlate the amount of small organic additive (relative to ISV) in 

the casting solution with membrane structure, the following glycerol/ISV mass ratios 
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were tested: 0.06, 0.11 and 0.40. Table 3.1 summarizes the compositions of the casting 

solutions and the conditions under which membranes were formed. Samples are 

denoted as PX, where X is an integer increasing with increasing glycerol/ISV mass 

ratio. The pristine ISV BCP membrane formed without glycerol in the casting solution 

is denoted as P0 and serves as a reference. SEM images of top surface structures at 

two different magnifications as well as cross-sectional images of the resulting 

membranes are depicted in Figure 3.2. All four membranes P0-P3 showed mesoporous 

surface separation layers on top of sponge-like, graded hierarchically structured 

macroporous supports. The extremely open macrovoids close to the bottom of the 

glycerol derived membranes are a result of the relatively low polymer concentration in 

the casting solutions, see ISV/solvents mass ratio in Table 3.1.  

The solvent evaporation time, t(s), listed in Table 3.1 after casting and prior to 

phase inversion is crucial for top surface structure formation and development. 

Solvent evaporation time and ISV/solvents mass ratio were optimized to achieve the 

most open and uniform pores in the separation layer. As shown in Table 3.1, with zero 

or very minimal glycerol amount in the casting solutions (P0 and P1), the ISV/solvents 

ratios were selected to be higher than 0.10, close to conditions for SNIPS membrane 

formation for ISVs with similar molar mass.
 12, 16

 These two resulting membranes (P0 

and P1) exhibited uniform surfaces with high pore densities and well-ordered square 

pore lattices, typical for ISV based SNIPS membranes.
13

 By introducing glycerol, a 

polyol compound with three -OH groups, intermolecular P4VP–additive interactions 

are increased.
 22, 23

 This enables, in return, to reduce the amount of BCP necessary in 

the casting solution to successfully obtain phase inversion membranes. In fact the 
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polymer amount was lowered by more than a factor of two, from an ISV/solvents mass 

ratio of 0.14 for membrane sample P0 to 0.06 for membrane samples P2 and P3 (see 

Table 3.1). Further polymer dilution lead to disordered heterogeneous membrane 

surface structures. Further increases in the glycerol amount at this concentration 

beyond 0.40 lead to a relatively non-uniform surface structure (see Figure S3.1 in the 

Supporting Information), indicating an upper limit of glycerol amount to be used. 

 

Table 3.1. Casting solution compositions and evaporation times for membrane samples P0-P3 

cast from solutions with different glycerol/ISV mass ratios. 

 mglycerol / mISV mISV / msolvents t (s) 

P0 0 0.14 45 

P1 0.06 0.10 60 

P2 0.11 0.06 75  

P3 0.40 0.06 75  
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Figure 3.2. SEM images of membrane samples P0 – P3 from different glycerol/ISV mass 

ratios (0 – 0.4) in the casting solution. Casting conditions for all membranes are detailed in 

Table 3.1. Left column shows micrographs of membrane top surfaces at two different 

magnifications (inset). Right column depicts the corresponding cross-sectional views. 
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The top surface SEM images were analyzed by ImageJ (see Experimental 

Section) to determine porosity (ε, defined as the ratio of pore area to total area) and 

pore diameter (d) as summarized in Table 3.2. From this analysis the porosity 

increased by a factor of 1.5, from 22% for the pristine membrane, P0, to 33% for 

membrane P3 with the highest glycerol loading in the casting solution. Furthermore, 

the average pore size expanded by more than 120% from ~18 nm to ~41 nm. These 

results clearly demonstrate that increasing amounts of glycerol in the casting solution 

leads to higher porosity and larger pore size. Looking in particular at the higher 

resolution surface images of samples P3 (Figure 3.2) and membranes cast from 

solutions with even more glycerol (see Figure S3.1 in the Supporting Information), it 

is apparent visually that the glycerol induced pore size increase comes with a broader 

pore size distribution. This is reflected in the image analysis by an increasing standard 

deviation moving from P0 to P3, as shown in Table 3.2.  
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Table 3.2. Structural and performance characteristics of membranes P0-P3. 

 

 
Porosity 

(ε) 

Pore 

diameter 

(d) 

Pore diameter 

(d) by tracer 

diffusion 

Pore diameter 

(d) by intrinsic 

viscosity 

Permeability 

at pH ~7 

Permeability 

at pH ~3 

 

% 

(determi

ned by 

SEM 

image 

analysis) 

nm 

(determi

ned by 

SEM 

image 

analysis) 

nm 

(determined from solute rejection 

tests) 

Lm-2h-1bar-1 

(determined from solute 

rejection tests) 

P0 22 18±4 23 31 189±19 0±3 

P1 23 21±7 29 39 395±11 15±4 

P2 27 28±12 35 47 968±40 105±5 

P3 33 41±14 48 62 4650±420 1090±120 

 

Blending BCPs with additives that are selectively incorporated into only one 

block has long been an effective way in controlling the morphology of bulk hybrid 

materials.
22, 23

 By increasing the fraction of additives with respect to the polymer, 

various equilibrium morphologies expected from the phase diagrams of BCPs can be 

achieved.
24

 As discussed in an earlier study, in the ISV based SNIPS membrane 

system, P4VP is expected to form the corona chains of ISV micelles in the THF-DOX 

solvent system, while in the final membrane P4VP sits on the surface of the pores.
11

 

Glycerol is a small hydrophilic additive, which most likely is selectively incorporated 

into the P4VP domains, rather than in the hydrophobic PI and PS domains of the BCP. 

It is therefore expected that the more glycerol is in the casting solution, the more the 

P4VP domains are swollen. In order to corroborate this hypothesis small-angle X-ray 

scattering (SAXS) was carried out on solutions with different glycerol/ISV mass 

ratios, while keeping the other parameters (solvent composition, ISV/solvent mass 

ratio of 0.14) the same. Indeed, with increasing amount of glycerol a shift of the 
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position, q*, of the first order reflection to lower q values was observed, 

corresponding to larger length scale structures (see Figure S3.2 in the Supporting 

Information). This suggests that the distance between solution micelles increases with 

glycerol addition (see Table S3.1 in the Supporting Information) leading to larger pore 

sizes after phase inversion, during which the ISV precipitates while the glycerol 

leaches out as a result of its high solubility in water. This picture is consistent with our 

observation (Figure 3.2 and Table 3.2) of larger pore sizes moving from membrane 

samples P0 to P3. 

 

Figure 3.3. Solute rejection behavior of membrane samples P0-P3. (a) Molecular weight 

cut-off (MWCO) curves for P0-P3 and P1A membranes tested using solutions of different 

molar mass PEO prepared in DI water (P0-P3) and pH=3.6 buffer solution (P1A), 

respectively. (b) Hydraulic permeabilities of membranes P0-P3 exhibiting a pH dependent 

behavior. 
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Figure 3.4. pH induced pathway from ultrafiltration towards nanofiltration membranes. (a) 

Schematic representation of pH responsive property of P4VP brushes on the pore walls. (b) 

pH response of membrane P0 exhibiting a quasi “on-off” behavior of the pores as a function 

of pH. (c) pH response of membranes P1-P3 exhibiting finite nanopores after “off” switching 

at low pH due to glycerol induced pore swelling. 

 

Using a pressurized stirred cell, solute rejection (separation) tests were 

conducted on these membranes using polyethylene oxide (PEO) solutions of different 

molar masses dissolved in DI water (see Experimental Section). For highly permeable 

membranes, relatively low trans-membrane pressures were chosen in order to 

minimize the concentration polarization effect. In fact, for all rejection experiments 

described here, the ratios of the volumetric flux to the mass transfer coefficient were 

less than 1.1, suggesting the tested membranes had minor concentration polarization 
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and their separation abilities depended mostly on pore sizes.
25, 26

 The molecular weight 

cut-off (MWCO) curves of membranes P0-P3 are shown in Figure 3.3a. All curves 

present an “S” shape implying that membrane rejection increases with solute size, 

typical of a size-dependent separation process. This behavior also confirms absence of 

major defects in the separation layer of the membranes. Moving from membrane P0 to 

P3 a horizontal shift of the curves to the right side is observed. Stated in a different 

way, for a given solute size fewer molecules get rejected by the different membranes, 

suggesting a correlation between solute rejection and amount of glycerol used in the 

membrane casting solutions. The mechanical sieving model developed by Zeman and 

Wales provides a way to relate sieving coefficient, λ (defined as the ratio of solute size 

to pore size), with actual solute rejection, which can be obtained from observed solute 

rejection by correcting for concentration polarization.
27

 Two times the hydrodynamic 

radius of PEO determined from either tracer diffusion data or intrinsic viscosity 

data,
28, 29

 was taken as the characteristic solute size. Fitting the actual solute rejection 

data into the mechanical sieving model, pore sizes of the membranes could be 

obtained and are listed in Table 3.2. From both solute size estimates by tracer 

diffusion or intrinsic viscosity a significant expansion (more than 100%) of pore size 

is revealed by this analysis with results from tracer diffusion data ranging from 23 nm 

(P0) to 48 nm (P3), in good agreement with SEM image analysis. 

pH dependent permeabilities of membranes P0-P3 were measured using buffer 

solutions with different pH values and are shown in Figure 3.3b. For all membranes 

tested, highest permeabilities were achieved near neutral conditions. A pronounced 

transition to lower permeabilites was observed below pH 5, while values leveled off 
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below pH 4. This pH-responsive behavior is typical of a porous system with P4VP 

brush coated pore walls.
30, 31

 With a pKa of ~4.6 P4VP is protonated at lower pH 

values leading to charge induced chain stretching and pore size shrinkage, thus 

resulting in a drop of membrane permeability. At pH values below 4 chain stretching 

leads essentially to a complete switching off of the membrane with complete solute 

rejection. This behavior is illustrated schematically in Figure 3.4a and b.  

The permeabilities of membranes P0-P3 under neutral and very acidic 

conditions are summarized in Table 3.2. For pH values of ~7, permeability increases 

in the direction P0-P3 from around 200 to over 4500 Lm
-2

h
-1

bar
-1

, which to the best of 

our knowledge is the highest value to date measured for a membrane cast from similar 

BCP concentration via SNIPS or CNIPS processes. This substantial increase is due to 

pore expansion as well as more open macroporous substructures observed in glycerol 

derived membranes. For pH values of ~3 a very interesting behavior of the 

permeability was observed when moving from samples P0 to P3. Membrane P0 shows 

zero permeability at pH ~3, manifesting a pH-response from “on” to “off” states of the 

pores with lowering pH as shown in Figure 3.4b. Starting with membrane P1 and 

becoming more pronounced moving further to samples P2 and P3 the permeability at 

pH ~3 increases and reaches a value of about 1000 Lm
-2

h
-1

bar
-1

 for membrane P3. 

This behavior can be understood considering that glycerol increases the pore size 

beyond the limit of what the charged and stretched P4VP chains can close. Therefore, 

as the pore sizes increase due to increasing glycerol addition, even in the fully 

stretched conformation P4VP chains leave holes/pores of increasing size leading to 

increasing permeabilities. In these cases the membranes cannot be completely 
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switched from the “on” state to the “off” state anymore. This behavior is schematically 

illustrated in Figure 3.4c.  

The residual pores at low pH for membranes P2 and P3 are expected to be 

smaller than the pores at neutral pH. The pH responsive behavior of the membranes 

may therefore provide a pathway for tuning pore sizes into the nanofiltration regime. 

Previous reports described the use of lower molar mass BCPs to achieve smaller pore 

sizes. However, as molar mass is reduced, in particular for the glassy PS block, 

mechanical properties are compromised and the membranes become brittle.
13

 In order 

to study the small pore size regime more quantitatively, a second set of solute 

transport tests was carried out on membrane P1 under acidic conditions with highly 

protonated P4VP chains.  Sodium acetic – acetic acid (pH=3.6) buffer solution was 

used to control pH and dissolve PEO molecules. Solute rejection results are shown in 

Figure 3.3c. Applying the mechanical sieving model yields two pore sizes from using 

PEO hydrodynamic radii of 4.7 nm (from PEO tracer diffusion) and 6.3 nm (from 

intrinsic viscosity), respectively. The pore size of P1 is reduced from 29 nm at neutral 

pH (Table 3.2) to about 5 nm when the P4VP chains are protonated. Using a pore 

geometry analysis (as detailed in Supporting Information), the pore size of P1 under 

acidic condition is less than 6 nm, consistent with the solute rejection result of an 

approximate pore size of 5 nm. In addition, the permeability of P1 is reduced from 

about 400 Lm
-2

h
-1

bar
-1

 to about 15 Lm
-2

h
-1

bar
-1

, by moving from neutral to acidic 

conditions, respectively (see Table 3.2). The Hagen-Poiseuille equation relates 

permeability with membrane structure and is used for a second analysis of the amount 

of pore size shrinkage (for details see the Supporting Information). This analysis 
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suggests a pore diameter of P1 at low pH of 5.5 nm, corroborating the experimental 

result from the solute rejection tests. 

The concept introduced in this paper of tailoring pore size through a 

combination of additive driven pore expansion in conjunction with chain stretching via 

charge repulsion is of particular importance as it provides a path to BCP based 

SNIPS/CNIPS membranes with exceptionally small pore sizes without compromising 

the mechanical integrity and durability. While in this study low pH induced 

protonation has been employed to charge up the chains which in turn stretch out 

leading to reduced pore size, other ways of introducing repulsive Coulomb 

interactions can be envisaged. This includes the use of quaternizing agents (such as 

methyl iodide) to chemically modify P4VP,
32, 33

 as well as working with esters of 

polyacids, which after membrane structure formation could be hydrolyzed.
34

 Such 

chemistries would render the charges permanent thereby eliminating pH dependent 

pore size variations.  

 

Conclusions 

 

In summary, a facile and scalable CNIPS process was used to fabricate BCP 

membranes from solutions with different amounts of the small molar mass organic 

additive glycerol. The addition of cost-effective and biocompatible glycerol reduced 

the amount of necessary BCP in the membrane casting solution, effectively further 

reducing membrane costs. Glycerol induced membrane pore size increases relative to 

the parent BCP membrane by more than 100% were demonstrated as determined from 

both SEM image analysis and solute rejection tests. The permeability of membranes 
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cast from solutions with the highest glycerol loading studied reached 4650±420 Lm
-2

h
-

1
bar

-1
, suggesting a fast and efficient filtration process. Finally, a concept was 

introduced for tailoring pore size through a combination of additive driven pore 

expansion in conjunction with chain stretching via charge repulsion. In this way 

membrane pore sizes down to 5 nm were demonstrated without compromising 

membrane mechanical properties. This opens up a critical path from BCP 

ultrafiltration towards BCP nanofiltration membranes for selective separation, 

controlled drug delivery, water purification and nanofluidics. 

 

Experimental Section 

 

Materials. All materials were used as received. Anhydrous grades of 

tetrahydrofuran (THF), 1,4-dioxane (DOX) and >99.5% glycerol were obtained from 

Sigma-Aldrich. Deionized (DI) water with resistivity of 18.2 MΩ•cm was used as 

non-solvent in the precipitation bath.  

Polymer synthesis and characterization. The triblock terpolymer used in this 

study was synthesized via sequential living anionic polymerization following 

procedures reported previously.
11

 It had a total molar mass of 99 kg/mol, a 

polydispersity of 1.20 and volume fractions of 0.26, 0.61 and 0.13 for the 

polyisoprene, polystyrene and poly (4-vinylpyridine) blocks, respectively. A Varian 

INOVA 400 MHz 
1
H solution nuclear magnetic resonance (

1
H NMR) spectrometer 

was used to determine the fraction of each block. A Waters 510 gel permeation 

chromatography (GPC) set up with a differential index detector was used to analyze 

molar mass and polydispersity, using PI standards. The overall molar mass of ISV was 
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obtained from the molar mass of the PI block combined with NMR results on molar 

ratios of the different monomers of the terpolymer.  

Casting solution preparation. A stock solution of 5 wt% glycerol in a solvent 

mixture of THF/DOX (3/7 by weight) was prepared and stirred until complete mixing 

occurred. Different amounts of glycerol stock solution were added to the BCP 

resulting in the desired glycerol/ISV mass ratios, while extra THF/DOX solvent 

mixture was added to keep the overall ISV/solvents mass ratio constant. All membrane 

casting solutions were stirred overnight at room temperature before casting. 

SEM analysis. SEM images of the membranes were acquired using a Zeiss 

LEO 1550 ultrahigh resolution analytical field emission scanning electron microscope 

(FE-SEM) equipped with an in-lens detector. Imaging was carried out at 2 kV with a 

working distance of 6 mm. Samples were coated with Au-Pd for 10 seconds prior to 

imaging using a Denton Vacuum Desk II sputter coater. Porosity and pore size 

analysis were performed using ImageJ software on SEM images displaying the 

membrane top surface. The porosity (ε) is defined as the pore area/total area and was 

estimated using the ImageJ particle analysis function. Mean and standard deviation (σ) 

of the pore size were calculated for each membrane from analysis of at least 300 pores 

as identified via ImageJ. 

Membrane performance tests. A 10 mL stirred dead-end ultrafiltration test 

cell (Amicon 8010, Millipore, effective area 4.1 cm
2
) was used in the water flux and 

solute rejection tests. The feed solution was stirred at 400 rpm in all of the 

experiments. The applied pressures on the cell were in between 0.03 – 0.25 bar. The 

stirred cell experimental design is the same as described in the literature.
16

 The 
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hydraulic permeability of the membrane was determined by the ratio of the volumetric 

filtrate flux (volume flow rate per membrane area with the unit of m/s or Lm
-2

h
-1

) to 

the trans-membrane pressure. At least three data points under different pressures were 

averaged to estimate the permeability under different pH conditions. PEO (Polymer 

Source Inc., Montreal, Quebec, Canada) solutions were all prepared at a concentration 

of ~1.0 g/L in DI water or in pH 3.6 (sodium acetate – acetic acid) buffer solution. The 

rejection tests were conducted in a similar way as describe in the literature.
34

 The 

membranes were challenged with each PEO solution and permeate solutions were 

collected and stored in sealed vials in the fridge for concentration analysis.  Imidazole 

– HCl buffer solutions were used in the pH range from 6 – 8. Sodium acetate – acetic 

acid buffer solutions were used in the range below pH 6. The actual pH values for 

each buffer solution were measured by a pH meter before testing.  

For the PEO solutions prepared in DI water, PEO concentration in the feed and 

permeate was determined by O.I. Analytical 1010 Total Carbon Analyzer after 

dilution of 20 times using DI water.  For the PEO solutions prepared using acetic 

buffer solutions, the PEO concentration in the feed and permeates was determined by 

Waters ambient temperature aqueous GPC. The observed solute rejection was 

calculated from the following equation: Ro = 1 – cp/cf, where cp and cf are the 

concentration of solute in the permeate and feed, respectively. 
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APPENDIX B 

 

Additional SEM images 

 

 
 

Figure S3.1. Membranes cast from glycerol/ISV mass ratio of 0.60, ISV/solvents mass ratio 

of 0.06, and an evaporation time of 75 s. (Left) the top surface with higher magnified image in 

the inset. (Right) cross-sectional structure. 
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Solution SAXS 

 

Table S3.1. Solutions SAXS characterization of ISV-glycerol samples. q* is the reciprocal-

space length corresponding to the first peak in the SAXS spectra below (Figure S3.2). The d-

spacing, d [=2π/q*], provides a characteristic length scale for the observed solution structure. 

The increase in d-spacing from 38.6 nm to 60.9 nm suggest an increase in the structural 

correlation length likely due to increased spacing of solution micelles due to increasing 

amounts of glycerol. 

 mglycerol/mISV mISV/msolvents mISV+glycerol/msolvents q* (nm
-1

) 
d [=2π/q*] 

(nm) 

G0 0 0.14 0.123 0.163 38.6 

G1 0.11 0.14 0.121 0.141 44.7 

G2 0.22 0.14 0.120 0.118 53.3 

G3 0.40 0.14 0.117 0.103 60.9 

 

 
Figure S3.2. SAXS patterns of solutions containing ISV with varying amounts of glycerol as 

described in Table S3.1. The solvent is 7/3 DOX/THF mixture by mass. The ISV 

concentration is maintained at an ISV/solvents mass ratio of 0.14 for all samples.  
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Pore Geometry Analysis  

                                       
                                     Neutral                              Acidic  

 
 

Figure S3.3. Pore geometry analysis under neutral and acidic conditions for P0 and P1 

membranes, respectively. The white part represents an open pore, while the yellow area 

represents P4VP chains in the charged/stretched state. The diameters (23 nm, 29 nm and 0 nm) 

are obtained from the solute rejection tests using tracer diffusion data as shown in Table 3.2. 

 

From Table 3.2, if using tracer diffusion data, the pore diameter of P0 under neutral 

condition is 23 nm. As shown in Figure S3.3, in the charged state of P4VP chains, 

pores of P0 are closed, suggesting the P4VP chains could stretched out at least 23 nm 

in order to close the pore.  

If dP4VP is used as the length of P4VP chains stretching out into the pore, we then 

have:  

dP4VP  23 nm                                                               (1) 



 

55 

 

Compared to P0, the pore size of P1 membranes under neutral conditions is expanded 

due to the addition of glycerol. If the diameter of pores of P1 (neutral condition) is 29 

nm as shown in Table 3.2, then in the charged state of P4VP: 

dpore = 29 nm - dP4VP                                                    (2) 

From (1) and (2) dpore  6 nm 

This is consistent with results of the analysis of P1 membrane pore size in the charged 

state, via solute rejection experiments which gave: 4.7 nm and 6.3 nm (from PEO 

tracer diffusion and intrinsic viscosity, respectively) as discussed in the main text. 

 

Hagen-Poiseuille Equation Analysis 

The Hagen-Poiseuille equation relates membrane permeability (Lp) with volumetric 

flux (Jv) and transmembrane pressure (Δp) to the membrane structure parameters as 

 

Where  is the porosity, dp is the pore diameter,  is the viscosity of the liquid 

(8.910
-4

 Pa·s for water at 25
o
C), δm is the actual membrane thickness, which for 

tortuous pores is given by: δm = τ· l, where τ is the tortuosity factor and l is the 

thickness.
1
 

This equation suggests for P1 membranes in the neutral and charged states, if 

assuming similar membrane matrix structure ( , δm), Lp would scale with .  

If applying permeability data from Table 3.2: 

 

 dpore = 5.5 nm 
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This estimation agrees well with the experimental diameter obtained from the solute 

rejection test under acidic condition (4.7 nm, from PEO tracer diffusion and 6.3 nm, 

from intrinsic viscosity). 
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CHAPTER 4 

 

ASYMMETRIC ORGANIC–INORGANIC HYBRID MEMBRANE FORMATION 

VIA BLOCK COPOLYMER–NANOPARTICLE CO-ASSEMBLY
*
  

 

Abstract 

 

A facile method for forming asymmetric organic-inorganic membranes for 

selective separation applications is developed. This approach combines co-assembly 

of block copolymer (BCP) and inorganic nanoparticles (NPs) with non-solvent 

induced phase separation. The method is successfully applied to two distinct molar 

mass BCPs with different fractions of titanium dioxide (TiO2) NPs. The resulting 

hybrid membranes exhibit structural asymmetry with a thin nanoporous surface layer 

on top of a macroporous finger-like support layer. Key parameters that dictate 

membrane surface morphology include the fraction of inorganics used and the length 

of time allowed for surface layer development. In filtration test, the resulting 

membranes show both good selectivity and high permeability(3200500 Lm
-2

h
-1

bar
-1

). 

This fast and straightforward synthesis method for asymmetric hybrid membranes 

provides a new self-assembly platform upon which multi-functional and high-

performance organic-inorganic membranes can be formed. 

 

                                                
* Reprinted (adapted) with permission from Y. Gu, R. M. Dorin, U. Wiesner, Asymmetric 

Organic−Inorganic Hybrid Membrane Formation via Block Copolymer−Nanoparticle Co-Assembly, 

Nano Lett.13, 5323−5328 (2013). Copyright 2013 American Chemical Society. 
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Introduction 

 

Polymeric phase inverted membranes have been used extensively over the past 

several decades, however, their applications are often limited by their chemical 

functionality.
1
 One strategy for improving the functionality of organic membranes is 

through the incorporation of inorganic nanoparticles (NPs) to produce hybrid organic-

inorganic membranes.
2-4

 The organic-inorganic membranes combine the properties of 

the inorganics, such as mechanical and thermal stability, chemical activity and 

pressure resistivity, with the flexibility and processability of organic materials. One 

particularly attractive inorganic additive is titanium dioxide (TiO2). In addition to high 

hydrophilicity and chemical stability, polymer-TiO2 hybrid membranes have been 

shown to exhibit photochemical reactivity and antimicrobial behavior, which may 

open the door to next-generation functional antifouling and “self-cleaning” 

membranes.
5-8

 

Block copolymer (BCP) self-assembly is a method for achieving well-ordered, 

periodic structures on length scales of ~ 5 – 50 nm. BCPs can be employed to structure 

direct the assembly of various inorganics, such as aluminosilicate, metal and 

transition-metal oxide NPs. 
9-11

 If porosity in BCP based films is desired, as it is for 

separation applications, it is typically achieved by selective removal of one of the 

blocks, adding multiple post treatment steps to the fabrication process. 
12, 13

  

One intriguing method for translating the periodic, uniform structures possible 

with BCPs to high performance membranes combines BCP self-assembly and non-

solvent induced phase separation,
14-16

 abbreviated as SNIPS.
17

 This simple and fast 

method involves dissolving a BCP in a specific solvent system, which is then cast onto 
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a substrate under controlled gate height; the film is allowed to evaporate for a short 

time (usually tens of seconds) before immersing into a coagulation bath. The SNIPS 

procedure results in a graded membrane composed of a uniformly nanoporous surface 

(separation layer) above a macroporous support layer. The SNIPS process of 

generating asymmetric BCP membranes can achieve relatively high selectivities due 

to the uniform pore size from self-assembly. Aside from the addition of inorganic 

salts, it has to date been limited to organic materials.
18, 19

 It is expected, however, that 

a variety of separation applications of the SNIPS membranes will ultimately require 

enhanced functionality, e.g. through the incorporation of inorganics. To that end it is 

desirable to add inorganic components into the formation process itself, rather than via 

post-processing steps. 

 

Results and Discussions 

 

Here we report the first fabrication of an asymmetric organic-inorganic hybrid 

membrane by marrying BCP and inorganic NP co-assembly and non-solvent induced 

phase separation, referred to in the following as CNIPS. It is a facile “one-pot” type 

process incorporating inorganics at significant weight fractions in the final membrane 

and should thus be amenable to large scale membrane fabrication. Compared with 

adding small amounts (~ 0.15wt% in the solvent) of metal ions into the casting 

solution, which may mostly be washed away after immersion into the non-solvent 

bath, this method achieves a significant inorganic content in the final membrane.
18, 19

 

The BCP used for hybrid membrane fabrication is the triblock terpolymer 

poly(isoprene-b-styrene-b-4-vinylpyridine) (ISV) with volume fractions of 0.30, 0.55 
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and 0.15 for polyisoprene (PI), polystyrene (PS) and poly(4-vinylpyridine) (P4VP) 

blocks, respectively. This terpolymer architecture has been shown to be suitable for 

polymeric membrane formation via the SNIPS method.
15

 Two ISVs with similar 

chemical composition but different total molar masses of 43 kg/mol and 91 kg/mol, 

abbreviated as ISV43 and ISV91, were synthesized by anionic polymerization. Details 

of the polymer characterization of the ISVs can be found in Table S4.1. Scheme 4.1 

shows the fabrication procedure of the organic-inorganic hybrid membranes. ISV was 

first dissolved in a solvent mixture of tetrahydrofuran (THF) and 1,4-dioxane (DOX). 

A hydrolytic sol-gel route was used to prepare TiO2 sol NPs by hydrolysis of TiO2 

precursors (titanium tetraisopropoxide, TTIP) in an aqueous environment.
20, 21

 A 

detailed description of TiO2 sol solution preparation can be found in the Supporting 

Information. Different amounts of TiO2 sol solution were subsequently added into the 

ISV solution and stirred for three hours to form the casting solutions. Due to 

preferential interactions, TiO2 sol NPs are expected to selectively incorporate into the 

P4VP block.
22, 23

 The final casting solution had a THF/DOX weight ratio of 3/7 and 

the ISV/solvent weight ratio of either 0.07 or 0.09. The casting solution was then hand 

cast into a film by a doctor blade onto a clean glass substrate. The gate height of the 

doctor blade was kept at 220 μm. The film was allowed to evaporate for a certain time 

(30 sec – 90 sec), during which the increased surface concentration drove ISV-TiO2 

co-assembly. Then the film was immersed into a coagulation bath of deionized water, 

which is miscible with both solvents but precipitates the ISV. This non-solvent 

induced phase separation (NIPS) (or phase inversion) process solidifies the polymer 

film through exchange of solvent and non-solvent (water) and forms the asymmetric 
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membrane. Meanwhile the self-assembled top structure is kinetically trapped due to 

the rapid precipitation of the surface polymer once the film is plunged into water.  

 

Scheme 4.1: ISV in THF/DOX and TiO2 sol NPs in THF are mixed into a casting solution 

with a known concentration of ISV in a final solvent mixture of 3/7 (by weight) THF/DOX. 

The casting solution is cast onto a glass slide into a film by doctor blade at a gate height of 

220 μm. The film is allowed to evaporate a specified time and is then immersed into a 

coagulation bath of deionized water. 

 

Fig. 4.1 shows scanning electron microscope (SEM) images of dried hybrid 

membranes from ISV43 with 11 wt% TiO2 (i.e. mass of TiO2 introduced in the casting 

solution over the total mass of ISV and TiO2). The inorganic content in the casting 

solution was found to be consistent with thermogravimetric analysis (TGA) of the 

dried hybrid membrane (Fig. S4.1), suggesting that for this weight fraction of 

inorganic in this polymer, all of the TiO2 is incorporated into the final membrane. 

Membranes in Fig. 4.1 (a), (b) and (c) were cast from the 0.07 ISV weight ratio 

solution, with 11 wt% TiO2 and allowed to evaporate for 30 sec, 45 sec, and 60 sec, 

respectively, before immersion into water. Membrane in Fig. 4.1 (d) was cast from the 
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0.09 ISV weight ratio solution with 11 wt% TiO2 at 30 sec evaporation time. The left 

column compares cross-sectional SEM images of the corresponding hybrid 

membranes. These membranes all exhibited dense top surface structures and a gradual 

increase in the pore size to a finger-like macroporous support structure. Shown in the 

second column are views of the bottom surface of the membranes, which were 

formerly in contact with the glass substrate. These images demonstrate that the bottom 

surfaces all exhibited open pores with diameters in the range of 10 – 30 μm. The third 

column depicts higher magnification cross-sections near the top surface, revealing a 

dense separation layer ~ 100 nm thick. Images in the last column suggest that the top 

surfaces of these membranes have open pores with diameters ~ 20 – 30 nm.  
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Fig. 4.1 SEM micrographs of organic-inorganic hybrid membranes cast from ISV43 solutions 

with 11 wt% TiO2. From left to right, the full cross-section, the bottom surface, the magnified 

top surface cross-section and top surface structure are shown. Membranes cast from the 0.07 

ISV43 weight ratio solution, and evaporated for (a) 30 sec, (b) 45 sec, (c) 60 sec, before 

immersion. (d) Membrane cast from a 0.09 ISV43 weight ratio solution, and evaporated for 30 

sec before immersion. 

 

Fig. 4.2 shows a comparison of (a) the purely organic ISV91 membrane 

(without TiO2) and (b, c) two ISV91-TiO2 organic-inorganic hybrid membranes cast 

from solutions with different inorganic loadings (3 wt% and 26 wt%). All the 
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membranes were cast from a 0.07 ISV91 weight ratio solution and evaporated for 45 

sec. In both the organic and hybrid membrane, the top surfaces are dense compared to 

the bottom and have mesoscale structural features, as shown in the higher 

magnification SEM images at the bottom, giving rise to the asymmetry in the cross-

section. However, a distinct morphological transition from sponge-like to finger-like 

occurs in the support structure upon the introduction of increasing amounts of 

inorganics. Both sponge-like and finger-like macroporous morphologies are 

commonly seen in phase inversion membranes.  Different models for the phase 

inversion process were proposed and the mechanisms for forming sponge-like or 

finger-like macrovoids are still under discussion.
24

 Generally, changes in membrane 

casting conditions and formation chemistry that increase the rate of demixing or 

polymer precipitation result in a membrane with finger-like morphology.
24

 This 

suggests that the introduction of TiO2 sol NPs in the process increases the rate of 

polymer precipitation relative to the purely organic system. Through the hydrolytic 

sol-gel process there exist Ti-OH groups on the surface of the TiO2 sol NPs. These 

hydrophilic surface groups may facilitate the exchange rate of solvent and non-

solvent, increasing the demixing rate of ISV. 
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Fig. 4.2 SEM micrographs of the membranes cast from the 0.07 ISV91 weight ratio solution 

and evaporated for 45 sec.  Membrane cast from solution of (a) purely  ISV91 (without TiO2);  

(b) ISV91 with 3 wt% TiO2;  (c) ISV91 with 26 wt% TiO2 

 

The solvent evaporation step is critical in directing BCP self-assembly, in 

particular in the surface layer where the concentration of polymer is highest after 

certain evaporation time.
17

 This step was evaluated by varying the solvent evaporation 

time of films before immersion, under otherwise identical casting conditions. The top 

surfaces of the resulting membranes are shown in Fig. 4.3. The precipitation of 

polymer at the casting solution - nonsolvent interface where the solvent - non-solvent 

exchange is the most rapid, occurs almost immediately upon plunging the film into the 

coagulation bath. Thus the top surface of the hybrid membrane directly reflects the 

kinetically trapped structure from self-assembly of ISV and TiO2 sol NPs. Fig. 4.3 (a) 
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shows SEM images of membranes cast from a 0.07 ISV91 solution with 3 wt% TiO2 

and Fig. 4.3 (b) shows membranes cast from a 0.07 ISV91 solution with 21 wt% TiO2. 

At 45 sec, both inorganic loadings resulted in membranes with a porous top surface 

structure with relatively heterogeneous pore sizes. The pore sizes appear more 

homogeneous as evaporation time increases, and optimal pore size distribution and 

homogeneity occurred at 75 sec. At both 3 wt% and 21 wt% TiO2, more than 90 sec of 

evaporation resulted in nearly dry films; and limited phase separation was observed 

after immersing the films into water leading to limited porosity of the surface 

separation layer. For this reason, further evaporation times were not examined. 

Overall, SEM analysis revealed that varying the inorganic loading resulted in different 

surface morphologies, indicating that the TiO2 loading is an important factor in 

determining separation layer structure.  

 

Fig. 4.3 SEM micrographs of membranes cast from the 0.07 ISV91 weight ratio solutions with 

(a) 3 wt% TiO2, (b) 21 wt% TiO2, at different evaporation times.  Scale bar is 100 nm in all 

images. 
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To further understand the relationship between surface morphology and 

inorganic loading, four membranes with inorganic fractions of 3 wt% (M1), 8 wt% 

(M2), 15 wt% (M3) and 21 wt% (M4) in total mass of ISV and TiO2 were prepared 

from 0.07 ISV91 solution and evaporated for 75 sec. SEM surface images of the 

resulting membranes are shown in Fig. 4.4 (M1 and M4 are duplicated from Fig. 4.3 

for comparison). These hybrid membranes exhibited a defect-free surface over 

relatively large areas (at least 25 μm
2
 shown in Fig. S4.3) and the pore sizes were 

nearly monodisperse. The increase in inorganic content in the casting solution is also 

reflected in TGA measurements, indicating inorganic contents of 3 wt%, 7 wt%, 11 

wt%, and 15 wt% for the final membranes (Fig. S4.2). Thus, even for loadings as high 

as 21 wt% in the casting solution, more than 70% of the inorganics are retained in the 

final dried membrane after co-assembly and immersion into water. Analysis of the 

SEM images of M1 indicates a top surface pore density of more than 10
14

 pores/m
2
. 

Large pore densities in the separation layer can result in high permeability, while 

small pore size distributions can lead to high selectivity, two critical performance 

metrics in membrane-based separations. The images in Fig. 4.4 further suggest that by 

increasing the inorganic loading, the surface morphologies of the hybrid membranes 

change from a relatively flat surface with straight circular pores to a surface with 

tortuous pores from a continuous network-like matrix structure. This morphological 

tortuosity transition is indicative of swelling of the P4VP domains by the TiO2 sol 

NPs. 
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Fig. 4.4 SEM images of four membranes with different inorganic fractions prepared from 0.07 

ISV91 solutions and evaporated for 75 sec. The inorganic loadings in the casting solution were 

3 wt%, 7 wt%, 15 wt% and 21 wt% for M1, M2, M3 and M4, respectively. Scale bar is 100 

nm in all images. 

 

Using a dead-end pressurized stirred cell, the DI water flux was determined for 

the hybrid membrane M4. Results are shown in Fig. 4.5 (a). A detailed description of 

the membrane performance test can be found in the Supporting Information. The 

measured flux through the membrane depended linearly on the applied trans-

membrane pressure, as expected for a stable porous membrane. Four separate M4 

membranes were tested in a pressure range of 0.01-0.03 bar and yielded an average 

permeability of 3200500 Lm
-2

h
-1

bar
-1

 for DI water. Compared with the permeability 

(~ 150 Lm
-2

h
-1

bar
-1

) observed for a purely organic membrane cast from a ISV with 

similar molecular characteristics employing the SNIPS method (membrane cast from 

12 wt% ISV59 in the same solvent mixture, with the same gate height and evaporation 

time), the permeability of the hybrid membrane is one order of magnitude higher.
25

 

The high permeability in these organic-inorganic membranes is very promising for 

effective separation applications. 
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The Hagen-Poiseuille equation, which can be used to relate permeability with 

membrane structure, was used to estimate permeability of the M4 membranes.
26

 

Because SEM images of M4 suggest that the separation layer pores are not perfect 

cylinders with a tortuosity of 1, but instead exhibit a network-like structure; our 

calculation assumed a tortuosity of 1.8, which is based on work by Phillip et al. on a 

similarly bicontinuous BCP membrane structure.
27

 The analysis using the Hagen-

Poiseuille equation as detailed in the Supporting Information suggests that CNIPS 

membranes without a macroporous support structure can achieve permeabilities up to 

several thousand Lm
-2

h
-1

bar
-1

. This indicates that the finger-like support structure of 

the organic-inorganic membranes tested here minimally obstructs the separation layer 

and does not significantly contribute to flow resistance. In contrast, the sponge-like 

support structure in organic ISV membranes increases hydraulic resistance, possibly 

due to separation layer pore blocking and increased overall tortuosity, ultimately 

lowering the permeability.
25

 Furthermore, decreasing the separation layer thickness, as 

recently reported for SNIPS membranes, leads to an increase in the permeability.
28

 

Achieving the very high permeability in the CNIPS membrane is thus likely due in 

part to the highly porous finger-like substructure supporting the separation layer, as 

well as the relatively thin separation layer.  

The organic-inorganic membranes cast from 0.07 ISV91 solutions with 21 

wt% TiO2, at 75 sec evaporation time (M4) were also challenged with dissolved 

solutes to evaluate rejection characteristics using aqueous solutions of 1g/L 

poly(ethylene oxide) (PEO) of different molar masses (30, 50, 95 and 203 kg/mol). 

Solute rejection data for two CNIPS membranes fabricated under the same conditions 
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are shown in Fig. 4.5 (b).  Since the solution flux is relatively high through the 

membrane, low pressures and high stir rates were chosen to minimize the 

concentration polarization effect.
29

 For all the solute rejection data points, the ratios of 

solvent flux (Jv) to average mass transfer coefficient were within 0.4 – 0.9, indicating 

minor concentration polarization effects.
26

 Both membranes rejected 100% of the 203 

kg/mol PEO solution, verifying the absence of cracks (defects). Lowering the molar 

mass of PEO resulted in a decreased rejection. The molecular weight cut-off (MWCO) 

(at 90% rejection) of these membranes was ~ 90 kg/mol PEO.  

 

Fig. 4.5 (a) DI water fluxes for CNIPS membrane M4 at various trans-membrane pressures. 

(b) Molecular weight cut off curves from two membranes cast under the same conditions. 

Black circles (M4-1, applied pressure ~0.02 bar) and red triangles (M4-2, applied pressure 

~0.03 bar) show consistent rejection results. 

 

The mechanical sieving model developed by Zeman and Wales can be used to 

relate the pore size of the membrane to the actual solute rejection, which can be 

obtained from the observed solute rejection data by correcting for concentration 

polarization.
30

 The formula for the mechanical sieving model is shown below: 
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Here λ is the sieving coefficient, which is the ratio of solute size to pore size 

(rsolute/rpore). The hydrodynamic radius of PEO is used to represent the solute size 

which can be estimated from either tracer diffusion or intrinsic viscosity.
31, 32

 rpore can 

be adjusted to fit the MWCO curve to the mechanical sieving model. The calculated 

pore diameters (dpore = 2rpore) from diffusion and intrinsic viscosity data are shown in 

Table 4.1. The pore sizes calculated from this model are consistent with the pore size 

shown in the SEM micrographs of M4. A structure factor (δm / ε), which relates the 

effective path length to the porosity (void fraction), was derived using the Hagen-

Poiseuille equation and found to be 2.5 μm (see Supporting Information). Pendergast 

et al. estimated structure factors of 0.69 μm based on SEM separation layer 

characterization, 6.4 μm based on a convection-diffusion-affinity model, and 8.6 μm 

based on the mechanical sieving model for organic SNIPS membranes derived from a 

59 kg/mol ISV.
25

 With respect to the convection-diffusion affinity and mechanical 

sieving model calculations, the structure factor for the CNIPS membranes described 

here is expectedly lower due to their significantly higher permeabilities. Relative to 

the calculation based on SEM separation layer characterization, the CNIPS membrane 

structure factor is larger, likely due to the decreased pore density. The later 

comparison reveals the potential to further enhance CNIPS membrane structure by 

increasing separation layer pore density. Such improvements may be achieved through 

further investigations into the complex interactions between the organic and inorganic 

components involved in the CNIPS process. 
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Table 4.1 Calculated pore diameters from diffusion and intrinsic viscosity data 

 dpore , using diffusion data dpore , using viscosity data 

M4-1 21 nm 29 nm 

M4-2 22 nm 31 nm 

 

In summary, a new method utilizing BCP-TiO2 co-assembly and non-solvent 

induced phase separation, referred to as CNIPS, has been developed. The resulting 

BCP-TiO2 organic-inorganic hybrid membranes have a dense layer with mesoscale 

pores of homogeneous sizes above a finger-like macroporous support structure. The 

ultrahigh permeabilities and sharp MWCO curves observed for CNIPS membranes 

demonstrate their capacity for excellent performance in separation applications. 

Furthermore, the incorporation of significant amounts of inorganic material expands 

the functional potential of self-assembled membranes. This facile “one-pot” synthesis 

method eliminates the need for post treatment steps and opens up fascinating 

possibilities for the design of multi-functional asymmetric organic-inorganic hybrid 

membranes.  
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APPENDIX C 

 

1, ISV synthesis and characterization 

The ISVs were synthesized using living anionic polymerization following the 

procedures described in the literature.
1
 The molar masses and polydispersities of the 

ISVs was determined using Waters 510 gel permeation chromatography (GPC) with a 

differential refractive index (RI) detector. The volume fraction of each block was 

calculated from NMR data obtained using a Varian INOVA 400 MHz 
1
H solution 

nuclear magnetic resonance (
1
H NMR) spectrometer with CDCl3 (δ = 7.27 ppm) 

signal as an internal standard. 

 

 ƒPI ƒPS ƒP4VP Mn 

(kg/mol) 

PDI 

ISV43 0.27 0.55 0.18 43 1.02 

ISV91 0.32 0.55 0.13 91 1.20 

 
Table S4.1. Volume fractions (f), molar masses (Mn), and polydispersities (PDI) of the two 

ISV triblock terpolymers used in this study. 

 

 

2, Procedure for TiO2 sol solution preparation 

 

TiO2 sol NPs were prepared by quickly adding through a septum 1.0 mL 

titanium tetraisopropoxide (97%, Sigma-Aldrich) into 0.312 mL HCl (37 wt%, Sigma-

Aldrich) in a closed vial under vigorous stirring. The vial was kept closed and under 

stirring for 5 min before adding 3.0 mL anhydrous tetrahydrofuran (Sigma-Aldrich). 
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After stirring this solution for 2 min, different amounts of sol solution were added to 

the ISV solutions.
2
 TiO2 concentration was estimated to be 0.76 mol/L in the sol 

solution, assuming a full conversion of TiO2 precursor, and based on the volume of the 

solution after THF dilution. 

 

3, Inorganic content in final membranes by TGA 

Membranes were carefully transferred from the DI water bath and dried in air. 

A T.A. Instruments Q500 Thermogravimetric Analyzer (TGA) was used to analyze 

the retained inorganic content in the dried membranes. The TGA was under air 

atmosphere with a ramp rate of 10
o
C/min from room temperature to 560

o
C. 
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Fig. S4.1 TGA curve obtained from a dried hybrid membrane cast from an ISV43 with 11 

wt% TiO2 in the casting solution.  
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Fig. S4.2 TGA curves obtained from dried hybrid membranes cast from ISV91 (M1, M2, M3 

and M4). The retained weights at 560 
o
C were 3 wt%, 7 wt%, 11 wt%, and 15 wt% for the 

four membranes M1 – M4, respectively. 

 

 

4, SEM sample preparation and low-magnification SEM micrographs of 

membranes 

SEM micrographs were acquired using a LEO 1550 ultrahigh resolution 

analytical field emission scanning electron microscope (FE-SEM) equipped with an 

in-lens detector. Samples were coated with Au-Pd for 10 sec prior to imaging using a 

Denton Vacuum Desk II sputter coater. 
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Fig. S4.3 SEM micrographs of large area top surfaces of M1 and M4. 
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5, Membrane performance tests 

 

A stirred dead-end ultrafiltration test cell (Amicon 8010, Millipore, effective area 4.1 

cm
2
) was used in the water flux and solute rejection test. The cell was connected to a 

N2 gas inlet and the pressure was monitored by an upstream digital gauge. The water 

(solute) height in the cell was kept constant for each test. During the test, the volume 

of solution transferred across the membrane was <10% of the total feed volume. The 

pressure resulting from the water (solute) mass was 0.03 psi and was added to the N2 

pressure shown on the gauge. For membrane performance experiments, ~1 mL of 

permeate was collected in a clean vial on a digital balance with the mass data collected 

by a computer every 5 – 12 sec. Pressure varied by 0.01 psi over a given experiment. 

The permeability of DI water in an ultrafiltration process was calculated from equation 

(1) shown below: 

Lp = Jv / ΔP   (1) 

where Jv is the volumetric filtrate flux (volume flow rate per membrane area with the 

unit of m/s or Lm
-2

h
-1

) and ΔP is the trans-membrane pressure driving force. 

PEO (Polymer Source Inc., Montreal, Quebec, Canada) solutions were all prepared at 

a concentration of 1g/L in DI water. The tests are conducted in a similar way as 

describe in the literature.
3
 The PEO concentration in the feed and permeate was 

determined by an aqueous GPC (Waters Ambient Temperature) with a Waters 410 

differential RI detector. The observed solute rejection was calculated from equation 

(2) as follows: 

Ro = 1 – Cp / Cf   (2) 
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Where Cp and Cf  are the concentration of solute in the permeate and feed, 

respectively.  

 

6, Permeability analysis from the Hagen-Poiseuille equation 

The Hagen-Poiseuille equation relates membrane permeability (Lp) with volumetric 

flux (Jv) and transmembrane pressure (Δp) to the membrane structure parameters as 

 

Where  is the porosity, rpore is the pore radius,  is the viscosity of the liquid (8.910
-

4
 Pa·s for water at 25

o
C), δm is the actual membrane thickness, δm = τ· l for tortuous 

pores, where τ is the tortuosity factor, usually 2-5 depending on the morphology, τ = 1 

for parallel cylindrical pores. l is the thickness.
4
 

Permeability estimation  

From the rejection data of variously sized PEO molecules, a pore radius rpore = 12.5 

nm (dpore = 25 nm) was estimated for M4. Since the morphology of the membrane M4 

is network-like, the porosity and the thickness of the membrane separation layer are 

difficult to determine. We estimated a porosity ε = 0.1 and thickness δm =  τ· l  = 1.8  

100 nm = 180 nm, resulting in a permeability of: 

Lp ~ 4000 Lm
-2

h
-1

bar
-1

 

From this rough estimation, it is evident that a permeability of order thousands Lm
-2

h
-

1
bar

-1
 is reasonable for our organic-inorganic membranes.  

Structure factor (δm / ε) calculation 
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Assuming Lp = 3200 Lm
-2

h
-1

bar
-1

,  rpore = 12.5 nm from the M4 membrane, the 

structure factor δm / ε was back calculated from Hagen-Poiseuille equation to be: 

δm / ε = 2.5 μm 
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CHAPTER 5 

 

GRADED POROUS INORGANIC MATERIALS DERIVED FROM SELF-

ASSEMBLED BLOCK COPOLYMER TEMPLATES
*
 

 

Abstract 

 

Graded porous inorganic materials directed by macromolecular self-assembly 

are expected to offer unique structural platforms relative to conventional porous 

inorganic materials. Their preparation to date remains a challenge, however, based on 

the sparsity of viable synthetic self-assembly pathways to control structural 

asymmetry. Here we demonstrate the fabrication of graded porous carbon, metal, and 

metal oxide film structures from self-assembled block copolymer templates by using 

various backfilling techniques in combination with thermal treatments for template 

removal and chemical transformations. The asymmetric inorganic structures display 

mesopores in the film top layers and a gradual pore size increase along the film normal 

in the macroporous sponge-like support structure. Substructure walls between 

macropores are themselves mesoporous, constituting a structural hierarchy in addition 

to the pore gradation. Final graded structures can be tailored by tuning casting 

conditions of self-assembled templates as well as the backfilling processes. We expect 

that these graded porous inorganic materials may find use in applications including 

separation, catalysis, biomedical implants, and energy conversion and storage. 

                                                
* Reprinted (adapted) with permission from Y. Gu, J. G. Werner, R. M. Dorin, S. W. Robbins, U. 

Wiesner, Graded Porous Inorganic Materials Derived From Self-Assembled Block Copolymer 

Templates, Nanoscale 7, 5826-5834 (2015). Copyright 2015 Royal Society of Chemistry. 
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Introduction 

 

The synthesis and preparation of porous inorganic materials from 

carbons, metals, and oxides have attracted considerable attention in the past due 

to their various potential applications in separation, catalysis, or energy 

conversion and storage.
1-3

 Much of the focus has been devoted to micro- and 

mesoporous structures that maximize available surface area. In order to improve 

permeability at moderate pressures, and often inspired by nature, hierarchically 

structured materials have been developed with porosity ranging from the 

nanoscale all the way to the macroscale.
4,5

 While not always a necessary 

requirement for applications, the emergence of periodically ordered porous 

inorganic structures has greatly diversified the field. Organic (macro-) molecule 

self-assembly has proven to be a powerful means to generate such materials 

either by soft- or hard-templating methods, and a plethora of previously 

unknown porous structures has been described with fascinating structural 

aspects and often unique properties.
6-11

 

The overwhelming majority of self-assembly derived porous inorganic 

materials uses formation principles based on equilibrium or near-to-equilibrium 

thermodynamics, thereby assuring homogeneous structure formation throughout 

the resulting material.
12,13

 While homogeneous and periodic porosity facilitates 

structural characterization using scattering techniques, it is not always the most 

desirable. For example, in order to produce  highly permeable separation media 

that combine high resolution with high flux, asymmetric pore structures with 
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gradual changes in pore size, shape and/or wall thickness along the membrane 

film normal direction are desirable that are only accessible using non-

equilibrium structure formation principles.
14,15

 Fuel cell electrodes with a pore 

size gradient could minimize mass transport resistance to gases or fluids while 

also increasing the effective catalyst utilization and power density.
16,17

 

Mimicking natural systems, inorganic implants with graded porosity are often 

more favorable than uniform porous biomaterials, leading to improved 

mechanical properties and biological performance.
18,19

 

As a result of their unique properties, a number of methods have been 

described to push structures away from equilibrium and prepare functional 

graded porous inorganic materials. This includes the use of electrophoretic 

deposition, powder sedimentation, and melt processing to induce structural 

gradients. However, none of these approaches harnesses the versatility of 

macromolecular self-assembly, and porosity differences and gradients achieved 

are often difficult to tailor and predict.
20-24

 Moreover, while non-equilibrium 

formation principles for asymmetric membrane formation have recently been 

combined with macromolecular self-assembly,
14

 to the best of our knowledge a 

general strategy to translate such template structures into graded porous 

inorganic materials has not been described. Such self-assembly directed graded 

porous structures made from carbons, metals, and oxides are highly desirable, 

however, as they would converge the fine tunability of polymer materials 

properties like pore structure, surface area, and permeability with those typical 
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of carbons, metals or oxides including high temperature stability, high electrical 

and thermal conductivity, catalytic activity, and mechanical strength. 

Here we employed graded porous block copolymer (BCP) templates in 

combination with various backfilling techniques and subsequent thermal 

processing protocols for the preparation of a family of graded porous carbon, 

metal, and metal oxide materials. Porous templates were derived from a recently 

developed method for generating non-equilibrium structured BCP films referred 

to as self-assembly and nonsolvent induced phase separation (SNIPS).
14,25

 

Compared with other common ways to produce BCP-based porous templates, 

including selective etching of one block from the bulk or the extraction of 

additives,
 26,27

 SNIPS directly generates the desired porosity without additional 

processing steps and is suitable for large-scale fabrication. The structure of the 

final graded porous inorganic materials after complete template removal 

comprises a thin selective layer of vertically aligned cylindrical nanopores on 

top of a three-dimensionally (3D) connected macroporous sponge-like support 

layer, yielding interconnected porous inorganic structures with a gradient of 

pore size along the film normal (Cornell graded materials, CGMs). Furthermore, 

walls between the macropores exhibit mesoporous substructures, resulting in a 

structural hierarchy of pores from the macroscale to the nanoscale.
28

 The 

resulting inorganic CGM structures can be tailored by tuning the casting 

conditions of the polymer template as well as the backfilling processes. 

Different synthesis conditions were explored and optimized for each material 

type. For porous carbon based CGMs (CGM-C), resoles were used as carbon 
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precursors.
29,30

 Electroless plating of nickel (Ni) and copper (Cu) were utilized 

to generate porous metallic CGMs (CGM-Ni, CGM-Cu).
31-34

 Finally, employing 

the resulting Ni structures as an example, subsequent metal oxidation resulted in 

porous metal oxide CGMs (CGM-NiO) without loss of structure control. The 

inorganic materials with well-controlled architectural features and graded 

porosity may have potential applications ranging from separation to biomedical 

implants to energy conversion and storage.  

 

Results and Discussion 

 

The three-step fabrication of porous inorganic CGMs is schematically 

depicted in Figure 5.1. In the first step (a, top row) a freestanding polymer 

template with graded and hierarchical porosity is formed via SNIPS. The second 

step (b, middle row) involves template backfilling with either carbon or metal 

precursors. In the third step (c, bottom row) the final graded inorganic material 

is formed by thermal processing. In the case of metals and metal oxides, this 

removes the organic template and may involve a chemical transformation 

depending on the chemical environment (e.g. air versus N2). In the case of 

carbon, this step also involves cross-linking and carbonization of the resoles. In 

the following section, each step will be described in more detail for different 

final materials. 
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Figure 5.1. Schematic representation of the preparation of porous inorganic CGMs. (a-1 to c-

1, left) Enlarged upper film portions with typically < 50 nm mesopores after each major step 

(a-c): (a-1)  Porous polymer template (polymer in blue, void space in white); (b-1) Hybrid 

after backfilling with carbon precursors or metals (grey domains) into template; (c-1) 

Resulting porous inorganic material after template removal. (a-2 to c-2, right) Enlarged lower 

film portions with hierarchical porosity (meso- and macropores) after each major step (a-c): 

(a-2) Hierarchical porous polymer template; (b-2) Hierarchical hybrid after backfilling 

exhibiting mostly filled mesopores and partially coated macropores; (c-2) Resulting 

hierarchical porous inorganic material after template removal. 

 

Template Formation 

Graded porous polymer templates were formed by applying the SNIPS 

process to two poly(isoprene)-block-poly(styrene)-block-poly(4-vinylpyridine) 

(ISV) triblock terpolymers with molar masses of 91 and 99 kg/mole (ISV91 and 
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ISV99) and majority S blocks and minority I and V blocks (for polymer 

characterization details see Methods section).
28,35

 In brief, polymers were 

dissolved in a mixture of tetrahydrofuran (THF) and 1,4-dioxane (DOX) and 

cast into films on glass slides using a doctor blade. After a brief evaporation 

period, the films were immersed into a coagulation bath of DI water. The 

resulting tens of microns thick porous templates have an asymmetric porous 

structure with a uniform mesoporous top surface above a graded, macroporous 

support structure. The walls between the macropores also exhibit mesocale 

porosity which gives rise to substructures of carbon materials after thermal 

processing and metals after plating and dictates the structural hierarchy (Figures 

S5.1 and S5.2). The thickness of the templates can be tuned by adjusting 

template casting parameters, including polymer solution concentration and 

doctor blade gate height. Importantly, polymer template pore surfaces are 

covered by poly(4-vinylpyridine) (P4VP, the V block), making the template 

compatible with water-based processes and facilitating interactions with 

inorganic precursors through hydrogen bonding or metal complexation. 

Carbon CGMs (CGM-C) Formation 

The synthesis of porous carbon CGMs (CGM-C) from polymer 

templates involved sufficient adsorption of carbon precursors to the walls of the 

template, cross-linking of the adsorbed carbon precursors, as well as final 

template removal and carbonization at elevated temperatures under inert 

atmosphere.  
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To this end polymer templates derived from ISV99 with thickness of ~35 

m (ISV99-35, see Figure S5.1) were first immersed into an oligomeric carbon 

precursor solution. Phenol-formaldehyde resoles were chosen as the carbon 

precursor.
29,30

  The template is denoted as ISVxx-yy in the paper where xx 

stands for the total molar mass of the ISV and yy stands for the approximate 

thickness of the film measured by scanning electron microscopy (SEM). The 

resoles (carbon precursors) are soluble in many common solvents and exhibit a 

large amount of hydroxyl groups. When the polymer template films were 

immersed in the precursor solution, sufficient adsorption of carbon precursor to 

the surface of the polymer templates was achieved, most likely as a result of 

hydrogen bond formation between the resoles' hydroxyl groups and the pyridine 

nitrogen of the P4VP blocks. After soaking for 24 hours, excess precursor 

solution was removed by drying on tissue paper before heating to 60 °C. 

Subsequent cross-linking was critical to cure the phenol-formaldehyde resoles 

for efficient carbonization. This curing step is usually performed at 100 – 130 

°C.  The temperature employed here was 90 °C, however, thereby avoiding 

structural macropore collapse of the resoles-polymer hybrids (see Figure S5.3). 

The final CGM-C were obtained by further heat treatments under N2 

atmosphere first to 600 °C for template removal and subsequently to 1100 °C 

for carbonization (see Methods section for details). In addition to phenol-

formaldehyde resoles, we also experimented with the more reactive resorcinol-

formaldehyde resoles. While excellent retention of the graded structures could 

be observed after carbonization, both top and bottom surfaces as well as 
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macropore walls of the resulting CGM-Cs exhibited closed or partially closed 

skin layers leading to inaccessible porosity (see Figure S5.4).  

SEM images of a CGM-C sample are shown in Figure 5.2. The gradient 

of pore size with mesopores at the top and macropores at the bottom can clearly 

be identified in the full cross-sectional view of the film (Figure 5.2a). The top 2 

μm of the film were mostly mesoporous. The ordered cylindrical pores of the 

top skin layer (100 - 200 nm) of the polymer template were replicated by small 

carbon pillars (Figure 5.2b). The macroporous bottom part of the CGM-C 

exhibited accessible mesopores in the walls (Figure 5.2c and 5.2d). Macro- and 

mesopores were open and accessible through the bottom surface (Figure 5.2d).  

Thermogravimetric analysis (TGA) was performed on the cured resoles-

polymer hybrids (Figure 5.2e). Decomposition of the polymer template showed 

an onset temperature at 300 °C and was fully completed at 400 °C. The 

remaining phenol-formaldehyde resin contributed to 32 wt% of the initial 

hybrid mass at this temperature. At higher temperatures the resin condensed 

further, which led to a yield of 20 wt% of the initial hybrid weight at 550 °C. 

Raman spectroscopy of the final materials heat treated to 1100 °C showed the 

typical D- and G-bands observed for disordered carbon centered around 1301 

cm
-1

 and 1586 cm
-1

, respectively, corroborating the formation of CGM-C films 

(Figure 5.2f). 
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Figure 5.2. (a-d) SEM images of a CGM-C: (a) Full cross-section showing graded porosity 

with increasing pore size from top to bottom; (b) Cross-section of the top skin layer showing 

small carbon pillars originating from the cylindrical pores of the polymer template; (c) Cross-

section of the macroporous bottom part indicating open mesoporosity of the walls of the 

macropores; (d) Bottom surface demonstrating accessible pores through open macro- and 

mesopores. (e) TGA of a cured resoles-polymer hybrid at a heating rate of 1 °C/min revealing 

template decomposition between 300 - 400 °C. (f) Raman spectrum of the final carbon film 

exhibiting D- and G-bands typical for disordered carbon materials. 
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Metal deposition onto the polymer template via electroless plating 

Preparation of porous metal CGMs involved electroless plating onto the 

sacrificial polymer templates with graded pores, followed by template removal 

using either plasma or thermal treatments. Compared with other techniques to 

fabricate nanoporous metallic materials from templates, electroless plating does 

not require an external electric current to form a deposit, eliminating the need 

for conductive substrates. Coating is conformal even on tortuous surfaces to 

which the solution has access.
36

  Moreover, various metals can be applied using 

this method, including nickel (Ni), copper (Cu), cobalt (Co), palladium (Pd), 

silver (Ag), and gold (Au).
31

 As a first metal, Ni was deposited onto the polymer 

templates through a three-step electroless plating process. The washed and dried 

Ni-polymer hybrids were subsequently converted into porous Ni or NiO CGMs 

(CGM-Ni or CGM-NiO) by heat treatments in N2 or air, respectively. In order 

to demonstrate the flexibility of the approach, as a second example, Cu plating 

onto the templates was developed (vide infra). 

A schematic representation of the Ni plating process is shown in Figure 

S5.5. In general, electroless plating requires one or more of the following steps: 

surface modification and sensitization, activation, and metal plating.
37

 Here, 

surface modification was unnecessary since the porous BCP template already 

had P4VP on the pore surface, which has the ability to complex metal ions. The 

P4VP was complexed with Sn
2+

 by immersing the templates in an aqueous 

solution of tin chloride (SnCl2). After rinsing with DI water, films were 

transferred into an aqueous solution of palladium chloride (PdCl2) for 
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activation. Small particles of Pd
0
, which served as catalyst for Ni plating, were 

produced by reduction of Pd
2+

 (Pd
2+

 + Sn
2+

  Pd
0
+ Sn

4+
) and attached to the 

surface of the pores. After rinsing thoroughly with DI water, Pd particle 

containing templates were immersed in an aqueous electroless Ni plating bath 

containing: Ni ionic precursor, reducing agent, complexant, and buffer.  

Control of the metal plating rate was critical to successfully produce 

CGMs. The plating rate depends on the temperature of the bath, metal precursor 

concentration, and solution pH. Since P4VP decorated pores are pH responsive 

and acidic environments cause pore closing due to protonated P4VP chain 

streching
28

, the conventional Ni plating reducing agent sodium hypophosphate 

(pH 4 – 6 for slower plating speed) could not be used. Dimethylamine borane 

(DMAB) was chosen instead as it is stable under mild pH conditions (pH 6 - 10) 

and is less toxic compared to other reducing agents such as hydrazine. For the 

generation of nanoscopic structural metal features, a relatively slow plating rate 

was desirable, assuring a conformal plating layer throughout the porous 

template. If the plating rate was too high, formation of a metal overlayer (closed 

capping layer) was observed, especially on the mesoporous skin layer surface, 

thus blocking diffusion of the inorganic precursors into the inner parts of the 

film (Figure S5.6). Structural collapse upon template removal due to uneven 

metal distributions was the consequence of such plating conditions. Optimized 

conditions involved a plating temperature of 4 
o
C and low precursor 

concentrations (0.013 mol/L of Ni
2+

), enabling metal plating inside the 

mesopores while maintaining resonable reaction times (vide infra). The pH for 
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all experiments was kept neutral to ensure DMAB stability. Detailed Ni (and 

Cu) plating conditions are described in the Methods section. 

Template removal for metal (Ni) and metal oxide (NiO) CGMs formation 

Ni-polymer hybrids were collected after different plating times and were 

thoroughly cleaned and dried. Polymer template removal was accomplished by 

either plasma or thermal treatments. The atmosphere under which thermal 

decomposition took place determined the nature of the final material: metal or 

metal oxide CGMs were formed after pyrolysis in N2 or calcination in air, 

respectively.  

SEM images of a graded and plasma treated Ni-polymer hybrid derived 

from a ISV91-33 template (see Figure S5.2) are depicted in Figure 5.3. Plasma 

treatment for 40 min before imaging the hybrid is sufficient to remove the 

exposed polymer, leaving graded and networked Ni structures behind. A 

complete cross-section of the film is shown in Figure 5.3a. The upper portion of 

the film exhibits mesoscale structural features while the lower portion of the 

film exhibits both mesopores and macropores. Figure 5.3b shows a higher 

magnification SEM image of the lower portion of the film revealing mesoscale 

architectural elements in the support structure constituted by open and 

accessible mesopores in the walls connecting macropores. Figure 5.3c and 3d 

depict the top parts of the film. The top structure exhibits an array of square-

packed Ni cylinders, backfilling the original vertically aligned mesopores of the 

polymer template. The voids in the metal top layer are the spaces originally 

occupied by the polymer template that got etched away by plasma. The quality 
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of the metallic (Ni) reproduction, in particular of the mesoscopic details of the 

template, is quite remarkable. The gradient in pore size from the mesoscale to 

the macroscale along the film normal of the cross-section clearly mimicks the 

structure of the original template. The mesoscale metallic features originate 

from the mesoscale voids of the original template, while the macropores remain 

from the template due to a conformal Ni coating layer on the original macropore 

surfaces. This well-controlled 3D structural hierarchy may give rise to the 

observed structural integrity and mechanical robustness after template removal.  

Figure 5.3e and 3f show the X-ray diffraction (XRD) patterns obtained 

from CGMs based on ISV91-33 templates and Ni plated for either 4 h or 8 h. 

The Ni-polymer hybrids were both subsequently thermally treated in N2 (e) or 

air (f) at 600 °C for template removal (see Methods section for details). In 

Figure 5.3e the major peaks correspond to metallic Ni. For longer times (8 h) a 

peak appears suggesting a small amount of NiO. In contrast to the behavior 

under N2, samples heat treated in air only have major peaks consistent with NiO 

(Figure 5.3f). The Ni peaks of the 8 h plated sample are significantly narrower 

than the corresponding peaks after 4 h, which indicates larger crystallites at 

longer plating times. The crystallite sizes were approximated from the Scherrer 

Equation using the full width at half maximum of the (111) (2θ = 44.17
o
) peak 

of Ni. For the 8 h N2 treated sample 16 nm crystallites were calculated, while 

the 4 h sample exhibited 6 nm crystallites. For air-calcined samples, the 

crystallite size of the oxide increased from 3 nm to 5 nm from 4 h to 8 h 

treatments, respectively, based on the (200) (2θ = 43.37
o
) peak of NiO. 
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Figure 5.3. (a-d) SEM images of graded Ni-polymer hybrid from ISV91-33 template after 

plasma etching to remove the exposed polymer: (a) Cross-sectional view of the film; (b) 

Bottom cross-section at a higher magnification; (c) Top surface of the Ni plated film; (d) 

Cross-sectional view near the top surface. (e,f) XRD patterns of the Ni-polymer hybrids plated 

for 4 h and 8 h and thermally treated to 600 °C in either (e) N2 or (f) air, respectively.  In (e) 

bar markers in black signify the expected peak positions and relative intensities of peaks for 

Ni (PDF no. 04-016-4592), while the grey bar markers signify NiO (PDF no. 04-011-9041). In 

(f) bar markers in grey signify NiO (PDF no. 04-011-9041). (g) Nitrogen sorption isotherms 

and BJH pore size distributions (inset) of a CGM-Ni sample derived from ISV91-25 templates 

and 8 h plating. 
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Figure 5.4 shows SEM images of CGM-Ni (Figure 5.4, a-c) and CGM-NiO 

(Figure 5.4, e-d) samples derived from ISV91-25 templates after 8 h Ni plating and 

heat treatments under N2 or air. CGM-Ni and CGM-NiO present identical structural 

features, as evidenced by these images, both in the mesoporous phase, as well as the 

graded porosity. The quality of the metal and metal oxide reproduction of even the 

mesoscopic features of the graded porous templates is very high. 

The surface area and porosity was analyzed using nitrogen sorption. 

Figure 5.3g shows the nitrogen sorption isotherms and the BJH pore size 

distributions of the CGM-Ni sample derived ISV91-25 templates after 8 h 

plating (SEM shown in Figure 5.4a). A very high BET surface area of 202 m
2
g

-1
 

was obtained for the asymmetric hierarchical nickel structure. Mesopores were 

broadly distributed in size, centererd around 23 nm with a FWHM of 24 nm. 

The length scale of the mesopore size is in the typical range of block copolymer 

microphase separation. In addition, mesopore size from BET reflects the 

original template’s structure: the mesoporous ISV91 template polymer strut 

(wall) thickness is ~ 25 nm (see Figure S5.2). This is consistent with the picture 

(see scheme in Figure 5.1) that after thermal template removal, the wall space 

originally occupied by the polymer is transformed into void space (i.e. 

mesopores). The CGM-Ni showed a large total pore volume of 0.46 cm
3
 g

-1
 

(excluding macropores with sizes above 200 nm) corresponding to a high 

porosity of approximately 77 vol % (see porosity analysis in Supporting 

Information). 
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Figure 5.4. SEM images of CGM-Ni and CGM-NiO samples derived from ISV91-25 

templates. (a-c) CGM-Ni after pyrolysis in N2; (d-f) CGM-NiO after calcination in air: 

(a,d) Complete cross-sectional images of CGM-Ni and CGM-NiO, respectively; (b,e) 

Higher magnification cross-sectional images of top layers; (c,f) Higher magnification 

cross-sectional images of bottom layers. 

 

In order to study the Ni plating process more quantitatively, a combined 

SEM and TGA analysis was carried out. Based on ISV91-33 templates, Ni-

polymer hybrid samples were collected after Ni plating for 4 h, 8 h, and 12 h, 

respectively. The different hybrid samples were plasma treated for 40 min to 

remove the exposed polymer and the cross-sections are shown in Figure 5.5a. 

Even after 12 h plating, macropores at the bottom of the films were still open, 

making the interior mesopores accessible. Figure 5.5b shows the corresponding 

samples after calcination in air at 600 °C. Though shrinkage occured during the 
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air calcination process, the integral structure of the CGM-NiO films remained 

intact.  

Results of TGA on the same Ni-polymer hybrids, under both N2 and air 

are shown in Figure 5.5c and 5.5d, respectively. As expected, longer plating 

times lead to more metal deposition. From direct comparison of these results, 

samples calcined under air have more remaining mass than the corresponding 

samples treated in N2, corroborating the formation of NiO. For even longer 

plating times (24 h, shown in Figure S5.7), SEM images of plasma treated 

hybrid films showed enhanced contrast differences between inner and outer 

layers, suggesting significant variations in metal deposition.  

From analysis of the TGA data, the composition of 4 h, 8 h, and 12 h 

plated Ni-polymer hybrids could be estimated. To that end, we also performed 

TGA analysis on templates after activation with Pd particles (i.e. of materials 

just before the actual Ni plating step) in order to estimate the Pd content. 

Quantitative results are summarized in Table 5.1 and Figure 5.5e graphically 

shows the Ni/polymer mass ratios for hybrid films after different electroless 

plating times. The amount of Ni increased monotonically with increasing 

plating time. In particular, the curve does not show a saturation effect, 

indicating that the plating bath remained stable and reactive throughout the 

plating process. For the 4 h plated Ni-polymer hybrid, the total metal content 

(Pd + Ni) was about 21 wt%, already sufficient to prevent structure collapse 

upon calcination. Despite the increase of the Ni/polymer mass ratio from 0.18 to 

1.7 between 4 h and 12 h of plating, from SEM analysis the coating remained 
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conformal without the emergence of capping layers preventing access to the 

internal porosity. The structures after calcination remained intact for plating 

times up to 12 hours and Ni content up to 61 wt%. 

 

Figure 5.5. (a,b) SEM images of 4 h, 8 h, and 12 h plated Ni-polymer hybrids from 

ISV91-33 templates: (a) after plasma treatment to remove exposed polymer and (b) 

after calcination in air to 600 
o
C with a ramp rate of 1 

o
C/min. Scale bars in (a) and (b) 

are 2 μm. (c,d) TGA curves of samples under (c) N2 and (d) air for a heating rate of 1 

o
C/min. (e) Ni/polymer mass ratios for hybrids after different electroless plating times. 

Ratios were calculated from TGA results (see Table 5.1 and Supporting Information). 
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Table 5.1. Ni-polymer hybrid composition (estimation based on TGA analyses*) 

Plating Time wt% of Polymer wt% of Pd wt% of Ni Ni/polymer Mass Ratio 

4 h 79 7 14 0.18 

8 h 51 5 44 0.86 

12 h 36 3 61 1.72 

* For details of the quantification of TGA results, see Supporting Information 

 

Copper CGMs (CGM-Cu) formation 

A variety of different metals can be used for electroless plating.
31

 In order to 

demonstrate that the approach to graded metal materials described here is not 

restricted to Ni, but is compatible with other metals, we generated graded 

materials from copper (CGM-Cu). Since every metal behaves differently in 

electroless plating, conditions had to be reoptimized. At the same temperature 

(here 4 
o
C) the plating speed of Cu is faster than that of Ni. The Cu

2+
 

concentration was therefore reduced to 0.010 mol/L (as opposed to 0.013 mol/L 

for Ni
2+

) and the plating time reduced to 20 min in order to prevent overlayer 

formation. Cross-sectional SEM images at different magnifications of CGM-Cu 

obtained via Cu plating of a ISV91-33 template using these conditions and after 

template removal in N2 are shown in Figure 5.6. The corresponding XRD 

pattern is shown in the Supporting Information (Figure S5.8) and reveals a 

considerable amount of Pd in the Cu as is expected from the activation step in 

the electroless plating process (see Figure S5.5). Overall, the reproduction of 
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even mesoscopic details of the template is truly remarkable. The images reveal 

the gradual increase of pore size along the film normal direction from purely 

vertical mesopores in the top 100 - 200 nm region of the film (Figure 5.6b) to 

open macropores at the bottom. Similar to the cases of CGM-Ni and CGM-NiO, 

the macropore walls of CGM-Cu are themselves mesoporous and these 

mesopores are accessible from the macropore wall surfaces.  

 

 

Figure 5.6. Cross-sectional SEM images at different magnifications of CGM-Cu 

derived from ISV91-33 template: (a) entire film cross-section, (b) top, and (c) bottom 

layers of the film. 
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Experimental 

Materials: Tetrahydrofuran (THF) and 1,4-dioxane (DOX) were acquired 

from Sigma-Aldrich and used as received. Tin(II) chloride (anhydrous, 98%), 

palladium(II) chloride (99%), nickel sulfate heptahydrate (99%), copper sulfate 

pentadydrate (99.999%), lactic acid (85%), sodium citrate dihydrate (99%), 

ethylenediaminetetraacetic acid (99%), triethanolamine (99%) and borane 

dimethylamine complex (97%) were purchased from Sigma-Aldrich and used as 

received. DI water with a resistivity of 18.2 MΩ•cm was used throughout the 

experiment. 

Polymer Characterization: The two poly(isoprene)-block-poly(styrene)-

block-poly(4-vinylpyridine) (ISV) triblock terpolymers with similar molar mass and 

composition used in this study were synthesized via sequential anionic polymerization, 

as previously reported.
28

 One terpolymer (ISV99), had a total molar mass of 99 

kg/mol, a polydispersity of 1.20 and volume fractions of 0.26, 0.61 and 0.13 for the I, 

S, and V blocks, respectively. The second terpolymer (ISV91) had a molar mass of 91 

kg/mol, a polydispersity of 1.20 and volume fractions of 0.32, 0.55, and 0.12 for the I, 

S, and V blocks, respectively.  

A Varian INOVA 400 MHz 
1
H solution nuclear magnetic resonance (

1
H 

NMR) spectrometer was used to determine the mole fraction of each block. A 

Waters 510 gel permeation chromatography (GPC) set up with a differential 

index detector was used to analyze molar mass and polydispersity, using 

polyisoprene standards. The overall molar masses of the two ISVs were 



 

104 

 

obtained from the GPC derived molar masses of the I blocks combined with 

NMR results on molar ratios of the different monomers of the BCPs. 

Preparation of the graded polymer templates: Polymer template films used 

for carbon CGMs formation were prepared from ISV99. ISV99 was first dissolved in a 

mixed solvent of DOX/THF (70/30 by weight) into a 12 wt% solution. The solution 

was cast into films on clean glass slides by a doctor blade at a gate height of ~220 μm. 

The film was allowed to evaporate for 40 seconds before immersion into a DI water 

bath. The polymer template films typically delaminated from the glass slides and were 

free-standing films with a thickness of ~35 μm (ISV99-35).  

Polymer template films used in Ni and Cu electroless plating 

experiments were fabricated from solutions of ISV91 in a mixed solvent of 

DOX/THF (70/30 by weight) at doctor blading gate height of ~130 μm.  Films 

were allowed to evaporate for 30 seconds before immersing the glass slides into 

a DI water bath. Films with a thickness of ~33 μm (ISV91-33) were prepared 

from 14 wt% casting solutions, while ~25 μm thick films (ISV91-25) were 

prepared from 13 wt% solutions. 

Carbon CGMs formation: Oligomeric phenol-formaldehyde resoles with a 

molar mass of less than 500 g/mol were synthesized using the well-known reaction of 

phenol with formaldehyde under basic conditions
38

 and were suspended in ethanol (20 

wt%). ISV99-35 templates were immersed in the phenol-formaldehyde resoles 

solution for 24 hours and subsequently dried on a tissue to remove excess solution and 

further at 60 °C and cross-linked at 90 °C for 5 days. For carbonization and template 
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removal, the cross-linked films were heated at 1 °C/min to 600 °C under N2 

atmosphere for 3 hours and carbonized at 1100 °C at a rate of 5 °C/min for 6 hours. 

Electroless Nickel plating process: Polymer templates made from ISV91 

were immersed in a solution of a freshly prepared aqueous sensitization solution 

(0.1M SnCl2/0.1M HCl) for 1 hour at room temperature. After a thorough rinse with 

DI water, templates were transferred into a solution of PdCl2 (0.0014M/0.25M HCl) 

where they were kept for 1 hour at room temperature. After another thorough rinse 

with DI water, Pd-containing films were soaked in a freshly prepared Ni plating bath 

at 4 
o
C. The bath was made from 0.367 g of nickel sulfate heptahydrate, 2.302 g 

sodium citrate dehydrate, and 0.1031 g borane dimethylamine complex dissolved in 

1.177 g lactic acid and 99.0 g DI water. The pH of the nickel bath was adjusted to 7.2 

using ammonium hydroxide. For the plating process relatively small template pieces 

were used in order to prevent significant precursor depletion during plating reactions. 

Plated hybrid films were taken out after different plating times (see text) and rinsed 

with DI water before drying in a vacuum oven at room temperature overnight.  

Electroless Copper plating process: ISV91-33 templates were immersed in 

an aqueous Pd
2+

 solution (0.0011M PdCl2/0.15M HCl) for 1 hour. After thoroughly 

rinsing with DI water, they were transferred to an aqueous Cu
2+

 bath at 4 
o
C for 20 

min.  The composition of the bath was 0.01M copper sulfate, 0.035M 

ethylenediaminetetraacetic acid, 0.15M borane dimethylamine complex (DMAB), and 

0.38M triethanolamine. The pH of the copper bath was adjusted to 7.5 by phosphoric 
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acid. The plated hybrid films were taken out after the 20 min plating time, rinsed with 

DI water, and dried in a vacuum oven at room temperature overnight. 

Formation of graded porous metal and metal oxides: A Harrick plasma 

cleaner pumping air was used for etching the exposed polymer before imaging, and 

the plasma was controlled by a 10 min on and 1 min pause interval to prevent the 

sample from overheating. The total plasma time was 40 min. 

The dried metal-plated hybrids were heat treated in an oven at a ramp 

rate of 1 
o
C/min from room temperature to 600 

o
C. Metal samples were obtained 

when heat treated under N2 atmosphere, while metal oxide samples were 

obtained when calcined under air. 

Characterizations: SEM micrographs were acquired using a LEO 1550 field 

emission scanning electron microscope equipped with an in-lens detector. Samples of 

the polymer template films were coated with gold–palladium for 20 sec prior to 

imaging using a Denton Vacuum Desk II sputter coater. All the other 

carbon/metal/metal oxide samples were imaged uncoated.   

For Raman spectroscopy, a Renishaw InVia Confocal Raman microscope 

was used at room temperature in a backscattering geometry, equipped with a 

785 nm diode laser as an excitation source focused on the sample with a 50x 

magnification objective lens.  

Nitrogen sorption isotherms were obtained on a Micromeritics ASAP 

2020 surface area and porosity analyzer at −196 °C. The samples were degassed 

at 200 °C under vacuum for at least 10 h prior to measurements.  
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TGA on carbon CGM samples was conducted on a Q50 

thermogravimetric analyzer (TA Instruments) from 25 to 550 °C under argon 

flow of 90 mL/min with a heating rate of 1 °C/min. TGA measurements on 

metal-polymer hybrids were performed on a TA Instruments Q500 

thermogravimetric analyzer under N2 or air atmosphere with a heating ramp rate 

of 1 
o
C/min.  

XRD spectra were collected on a Rigaku Ultima IV diffractometer using 

Cu Kα radiation (λ = 1.54 Å) and a D/teX Ultra detector. 

 

Conclusions 

 

Graded BCP SNIPS derived films were used as sacrificial templates for 

the formation of hierarchically porous carbon, metal and metal oxide graded 

materials (CGMs). The resulting asymmetric inorganic materials displayed well 

controlled mesoscale porosity in the top layer, which extended to macropores 

moving towards the film bottom. The walls in between macropores were 

mesoporous, giving rise to a structural hierarchy. P4VP on the surfaces of the 

polymer templates facilitated penetration of the ethanol based phenol-

formaldehyde resoles and water based electroless metal plating solutions. The 

approach allowed successful fabrication of porous carbon, Ni, NiO, and Cu 

CGMs with high surface area and remarkable retention of structural details of 

the templates. By tuning the different casting conditions for the polymer 

templates, the backfilling with phenol-formaldehyde resoles, the plating 

processes for different metals, as well as subsequent heat treatments for 
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template removal and chemical conversion from metal to oxide, structural 

aspects of the final materials were controlled. We expect that these previously 

unknown CGMs open pathways towards next generation high performance 

functional materials for applications including separation, catalysis or energy 

conversion and storage. Furthermore, such nanostructured CGMs may be used 

as platforms upon which other functional materials are formed, such as 3D 

biomimetic hierarchical scaffolds in tissue engineering,
39

 bicontinuous electrode 

scaffolds for rechargeable batteries,
40

 metallic glass nanomolds in 

nanoimprinting,
41

 or even potential networked templates for 3D interconnected 

graphene formation.
42  
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APPENDIX D 
 

 
 

Figure S5.1. SEM images of the ISV99-35 template. The sample was sputter-coated with Au-

Pd before imaging. Left: Cross-sectional image of the entire sample shows the asymmetry of 

the membrane. Right: Image at higher magnification of the top surface.  The surface pore 

square lattice of the templates is clearly seen in this image, consistent with prior reports of ISV 

triblock terpolymer derived membranes (see Ref 25, 28 and 35 of the paper). 
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Figure S5.2. SEM images of the ISV91-33 template. The sample was sputter-coated with Au-

Pd before imaging. (a) Cross-sectional image of the entire sample shows the asymmetry of the 

membrane. (b) Image at higher magnification of the top surface. The vertically aligned 

cylindrical pores are densely packed. (c) Bottom surface at a higher magnification showing 

both the accessible mesopores and macropores. The mesoporous template polymer strut (wall) 

thickness derived from these and other SEM images is ~ 25 nm, consistent with previous 

reports on similar ISV membranes (e.g. see Ref. 35 of the paper). 
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Collapse of the graded hierarchical structure: 

To demonstrate the importance of the curing temperature of the phenol-

formaldehyde resoles on the structural integrity of the template, Supplementary Figure 

S5.3 shows SEM images of a collapsed macrostructure after carbonization. After 

adsorption of the resoles from ethanolic solution to the template walls, the hybrid was 

cured (cross-linked) at 125 °C for 18 hours. Subsequently, for carbonization and 

template removal, the cross-linked hybrid materials were heated at 1 °C/min to 600 °C 

under N2 atmosphere for 3 hours and carbonized at 1100 °C at a rate of 5 °C/min for 6 

hours. Supplementary Figure S5.3a shows the full cross-section of the resulting carbon 

film with a thickness of approximately 20 μm and no remaining macroporosity. The 

cross-sections of the two surfaces of the film are shown with higher magnification 

SEM images in Supplementary Figure S5.3b and S5.3c, demonstrating that the 

hierarchical structure is completely lost and only mesoporosity is retained. 
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Figure S5.3. Cross-sectional SEM images of a graded carbon material (CGM-C) that was the 

result of a graded template film immersed in resoles solution, cured at 125 °C and carbonized 

at 1100 °C showing the complete loss of macroporosity and collapse of the hierarchical 

structure after carbonization. (a) Full cross-section of the carbon film; cross-section of the (b) 

top and (c) bottom surfaces of the carbonized film at higher magnification showing only 

mesoporosity. 

 

Resorcinol-formaldehyde resoles as carbon precursor for CGM-C: 

In order to investigate the influence of the reactivity towards cross-linking of 

the carbon precursor, we performed the same procedure towards the formation of 

CGM-C as described in the main text, but using resorcinol-formaldehyde resoles. 

Oligomeric resorcinol-formaldehyde resoles were synthesized first. Briefly, a 50 wt% 

resorcinol solution in water was used and a 20 wt% sodium hydroxide solution and 

formalin solution were added subsequently and slowly at room temperature. The 
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molar ratio of resorcinol:NaOH:formaldehyde was 1:0.1:1. The mixture was stirred for 

10 mins at room temperature and promptly neutralized with para-toluene sulfonic acid. 

The red solution was freeze-dried overnight on a vacuum line and the solid resorcinol-

formaldehyde resoles were dissolved in tetrahydrofuran. The resulting cloudy solution 

was filtered through a PTFE syringe filter (0.2 - 0.4 μm) to remove the precipitated 

sodium para-toluene sulfonate and higher molar mass resins, dried again overnight on 

a vacuum line and dissolved in ethanol as a 20 wt% solution. Resorcinol has an 

additional aromatic hydroxyl group and is therefore more reactive towards 

electrophilic aromatic substitution and cross-linking, even at lower temperatures than 

phenol-formaldehyde resoles.  

Hybrids obtained from the same ISV99-35 described in the main text and 

resorcinol-formaldehyde resoles were cured at 90 °C for 5 days and carbonized at 

1100 °C. The resulting carbon films exhibited a remarkable retention of the graded 

macroporous substructure, demonstrating the improved mechanical stability during the 

synthesis process coming from the resorcinol-formaldehyde resoles (Supplementary 

Figure S5.4a). However, the top surfaces exhibited only partially open capping layer 

on top of the ordered, vertically aligned carbon pillars, which most likely originated 

from an over-deposition of resoles on the porous skin layer of the polymer templates 

(Supplementary Figure S5.4b). Additionally, the porous walls of the macroporous 

substructures showed a continuous capping layer (Supplementary Figure S5.4c) and 

the bottom surfaces of the CGM-C were mostly closed off (Supplementary 

Figure S5.4d).  
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These results suggested that the carbon precursor must be reactive enough to 

cure at moderate temperatures to prevent structural collapse of the template 

(Supplementary Figure S5.3), but at the same time should not be cross-linking too fast 

to avoid over growth and capping layers that render the pores inaccessible. 

 

 

Figure S5.4. SEM images of CGM-C that was immersed in resorcinol-formaldehyde resoles 

and cured at 90 °C after carbonization and template removal. (a) Full cross-section 

demonstrating the remarkable retention of macrostructure after heat-processing using 

resorcinol-formaldehyde resoles as the carbon precursor. (b) Cross-section at the top surface 

of the CGM-C showing the formation of an only partially porous over-layer. (c) Cross-section 

of the macroporous bottom part of the film indicating the mesoporosity of the wall interior 

with capping layers towards the macropores. (d) Mostly closed off bottom surface. 

 

 



 

118 

Schematic representation of the preparation of CGM-Ni and CGM-NiO via Ni 

electroless plating: 

 

Figure S5.5. Step I: Free-standing graded hierarchically porous BCP templates are formed in 

water via the SNIPS process. Step II: Ni-polymer hybrids are fabricated via electroless plating 

divided into three processing steps: (1) Sensitization with Sn
2+

 complexes onto the pore 

surface. (2) Activation with Pd particles which serve as catalyst for the next process. (3) Ni 

electroless plating.  In the presence of reducing agents and catalysts, Ni growth is initiated 

within the pores. Step III: CGM-Ni and CGM-NiO are formed after template removal by heat 

treatments in N2 or air, respectively.  Left four figures (from a-1 to d-1) show enlarged upper 

portions (with mainly mesopores) of the film after each major step. Blue color represents 

polymer and white represents void space. The porous polymeric template (a-1) is formed. 

After sensitization and activation, Pd particles form onto the wall of the template (b-1, orange 

color represents Pd particles). After a certain plating time, the mesopores are mostly filled by 
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Ni (c-1, grey color represents Ni). During pyrolysis in N2, the polymeric template is removed, 

leaving behind the mesoporous Ni structure (d-1) (calcination in air leads to the corresponding 

mesoporous NiO). Right four figures (from a-2 to d-2) show enlarged lower portions of the 

film after each major step, where there are two length scales of pores: mesoporous sub-

structures form the “walls” which connect neighboring macropores (a-2).  The size difference 

between the mesoporous and macroporous structural features determines the extent of 

hierarchy. Pd particles form on the wall surfaces of the template (b-2) after sensitization and 

activation. The mesopores are mostly filled, while macropores are partially coated with Ni (c-

2) after plating. The mesoporous voids derive from the polymer template removal while the 

macropores remain (d-2).  

 

 

Figure S5.6. SEM images of a representative Ni-polymer hybrid film for which the rate of Ni-

plating was too high, after plasma etching to remove the exposed polymer. (a) Full cross-

section. Images at higher magnification near the (b) top surface and (c) bottom surface. 
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Figure S5.7. Cross-sectional SEM images of 24 h plated Ni-polymer hybrid after plasma 

etching for 40 min to remove the exposed polymer revealing heterogeneities in metal 

deposition. (a) Full cross-section. Images at higher magnification near the (b) top surface and 

(c) bottom surface. 

 

Porosity analysis 

Figure 5.3g shows results of nitrogen sorption/desorption measurements for a 

representative graded porous nickel sample together with BJH pore size distribution 

analysis as shown in the inset. The CGM-Ni showed a large total pore volume 
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(excluding macropores with size above 200 nm) of 0.46 cm
3
 g

-1
, which corresponds to 

a high porosity of approximately 77 vol%, calculated using a nickel:palladium:carbon 

composition of 85:9:6 (see Table S5.1) and respective densities of 8.9, 12.0, and 2.0 

g/cm
3
, respectively. It is important to note that this porosity does not take into account 

macropores with a size over 200 nm. As a result, the true total porosity is even larger. 

 

 

Detailed TGA analyses  

The retained sample mass under air and N2 from TGA with a heating rate of 

1 
o
C/min to 600 

o
C from Pd-polymer hybrid films (after step II-2 in Supplementary 

Figure S5.5 and before Ni plating) was 9.3% and 14.3%, respectively. 

For simplicity, in the calculations we assumed: (i) the templates carry same 

weight ratio of Pd catalysts after activation step; (ii) no deposits other than Ni; (iii) full 

oxidation of the polymer via calcination, and oxidation of Pd to PdO  

 Weight ratio of Pd : Polymer =  = 8.1 : 90.7 = 0.0893 

 Weight ratio of Pd : Pd-Polymer hybrids = 8.1 : (8.1+90.7) = 8.2 : 100                                          

Polymer is carbonized to carbon if calcined in N2, while Pd will stay in its 

metallic form. So the remaining mass left from N2 calcination should be the carbon 

mass + Pd (14.3%) 

 Weight ratio of Carbon : Pd-Polymer hybrids = (14.3 – 8.2) : 100 = 6.1 : 100                                

 Polymer carbonization weight ratio =  

 Polymer carbonization weight loss ratio = 1 – 0.0664 = 0.9336 
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Table S5.1. TGA calculation sheet from N2 treatment 
 

time 

Retained 

Weight 

(%) from 

TGA in N2 

Weight Loss 

(%), due to 

polymer 

carbonization  

Polymer wt % Pd wt% Ni wt% 
Ni / polymer 

Mass Ratio 

shown in 

Figure 5.5c 

= 100 – 

Retained Weight 

= Weight Loss 

/ 0.9336 

= polymer 

wt%×0.0893 

= 100 －polymer 

wt% － Pd wt% 

Ni wt% / 

polymer wt% 

4 h 26.5 73.5 78.7 7.0 14.2 0.18 

8 h 52.3 47.7 51.1 4.6 44.3 0.87 

12 h 66.8 33.2 35.6 3.2 61.3 1.72 

 

The above data is consistent with the TGA in air assuming that Ni and Pd will 

transform into NiO and PdO respectively, after calcination in air, while the polymer 

gets completely calcined away. The expected retained weight (from calculations) is 

compared with the actual retained weight from TGA in air in Table S5.2.  
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Table S5.2. TGA calculation sheet  

time 

Pd wt% Ni wt% PdO wt% NiO wt% 

Calculated 

Retained 

Weight (%) in 

air 

Actual Retained 

Weight(%) 

from TGA in 

air 

Calculated 

in Table 

S5.1 

Calculated 

in Table 

S5.1 

= Pd wt% 

×  

= Ni wt% ×

 

= PdO wt% +  

NiO wt% 

Shown in Figure 

5.5d 

4 h 7.0 14.2 8.1 18.1 26.2 33.6 

8 h 4.6 44.3 5.2 56.3 61.6 59.9 

12 h 3.2 61.3 3.7 77.8 81.5 80.3 
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Figure S5.8. XRD pattern of CGM-Cu. The Pd and Cu formed Cu-rich alloy (Cu0.748Pd0.252), 

with a minor peak suggesting CuO. The crystallite size was 5 nm, approximated from the 

Scherrer Equation by using the main peak. 
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CHAPTER 6 

 

CONCLUSIONS 

 

In this dissertation, I have explored design, synthesis and characterization of 

graded porous materials: purely polymeric ultrafiltration/nanofiltration membranes 

(Chapter 2 and 3), organic-inorganic hybrid functional membranes for water 

purification and selective separation (Chapter 4), and purely inorganic materials 

(carbon, metal, and metal oxide) for energy applications (Chapter 5).  

In Chapter 2, in situ GISAXS was employed to study evaporation-induced 

membrane formation that relies on self-assembly of doctor bladed triblock terpolymer 

solutions. Transient ordered structures were observed during solvent evaporation. This 

method can be employed to optimize the critical parameter of the evaporation time via 

real-time observation. 

In Chapter 3 and 4, a BCP-additive CNIPS method was developed. As a first 

example, a small organic molecule glycerol (Chapter 3), was introduced in co-

assembly with BCP during membrane fabrication. The as-made membranes have a 

wide tunable pore sizes, enabling expansion of the application area from UF to NF 

membranes. The versatility of the CNIPS method was further explored and expanded 

in Chapter 4, where TiO2 nanoparticles were incorporated into hybrid membranes 

successfully as well. It provides an effective pathway to including additional 

functionalities into the membranes. 
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In Chapter 5, the fabrication and characterization of graded porous carbon, 

metal, and metal oxide film structures was demonstrated. These materials with novel 

structures may have a lot of potential applications including separation, catalysis, 

biomedical implants, and energy conversion and storage. 

In summary, I have developed a simple, yet versatile platform for making high 

performance membranes with high permeability, good selectivity, and pore size 

tunability. I have also overcome synthesis limitations and successfully achieved the 

graded porous inorganic materials for various applications. 

By laying out the framework for the synthesis and characterization of these 

unique graded porous materials and showing properties and performances related to 

the water and energy applications, rigorous studies on further development and other 

applications can proceed. For example, based on the CNIPS platform, membranes 

with multi-functionalities can be achieved by choosing specific organic and inorganic 

additives. Additionally, it is expected that numerous applications will be explored for 

inorganic graded porous materials. Such nanostructured inorganic materials may be 

used as scaffolds, such as 3D biomimetic hierarchical scaffolds in tissue engineering, 

bicontinuous electrode scaffolds for rechargeable batteries, metallic glass nanomolds 

in nanoimprinting, or even potential networked templates for 3D interconnected 

graphene formation. Further extending of the synthetic methods to other materials, 

such as using noble metals, biological and ceramic precursors, can lead to graded 

porous materials for desired applications. 
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