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Investigation of Well-Defined Pinholes in TiO2 Electron Selective Layers Used in Planar 
Heterojunction Perovskite Solar Cells
Reprinted from: Nanomaterials 2020, 10, 181, doi:10.3390/nano10010181 . . . . . . . . . . . . . . 77
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This Special Issue on “Functional Nanoporous Materials” in the MDPI journal nanomaterials
features seven original papers. Six of them deal with experimental work, and one of them investigates
nanoporous materials from a theoretical point of view. They cover a wide range of materials, starting
from porous organic polymers over silicon and silver to metal oxides and silica. A wide range of
applications, such as gas adsorption and separation, sensing, solar cells, and catalysis are discussed.

Xu et al. [1] utilize a Sonogashira coupling of 1,3,5-triethynylbenzene with terephthaloyl chloride
to form a novel ynone-linked microporous organic polymer (y-POP). Postsynthetic functionalization
of y-POP with tris(2-aminoethyl) amine (tren) enables access to amino-functionalized polymers.
The pristine material reaches a surface area up to 230 m2 g−1. Increasing the number of amino groups
within the material reduces the surface area. The authors propose that this is due to the pore-blocking
effect of the tren species. The highest amine loading is 19%, which reduces the surface area derived
by Brunauer–Emmett–Teller method [2] (BET surface area) to 85 m2 g−1. Due to the microporous
structure and the high amount of amine species, the authors investigate the CO2 adsorption capacity
and CO2-over-N2 selectivity of the pristine and functionalized y-POP materials. Experimental data
prove that the amine loaded samples exhibit a higher CO2 capacity and preferential adsorption of CO2

in the presence of N2.
Ivanada, Gamulin, and coworkers [3] exploit silver-coated porous photonic crystals as

surface-enhanced Raman scattering (SERS) substrates utilizing a near-infrared excitation wavelength
of 1064 nm. Its considerable penetration depth into silicon causes photoluminescence, which conceals
with the SERS signal with a broad photoluminescence peak. Thus, a porous photonic crystal is used
to quench the photoluminescence of the crystalline silicon. The SERS activity was investigated in
an aqueous/ethanolic solution of two dyes, namely, rhodamine 6 G (R6G) and crystal violet (CV).
The investigators show that the detection limit of the dyes is 10−7 M (R6G) and 5·10−8 M (CV),
respectively. These concentrations are about five orders of magnitude lower compared to bare
porous silicon.

Zhang and Zhang [4] investigate the free vibration and buckling of functionally graded (FG)
nanoporous metal foam (NPMF) nanoshells. The authors are using the established first-order shear
deformation (FSD) shell theory and Mindlin’s (most general) strain gradient theory. With regards to
the structural composition, symmetric and unsymmetric nanoporosity distributions are taken into
account. The study analyses the effect of a nanoporosity coefficient, as well as the length scale and
geometrical parameters on the mechanical behavior of FG NPMF nanoshells.

A study from Giraldo and his team [5] describes the thermal decomposition of potassium
permanganate at 400 ◦C and 800 ◦C. As a function of the temperature, the composition of the
decomposition product varies between triclinic K+

0.29

(
Mn4+

0.84 Mn3+
0.16

)
O2.07·0.61 H2O and hexagonal

K+
0.48

(
Mn4+

0.64 Mn3+
0.36

)
O2.06·0.50 H2O, respectively. The materials exhibit a BET surface area between

5-16 m2 g−1 with a broad pore size distribution. The authors suggest that their synthesized materials
might be utilized as a catalyst, and therefore they studied the charge transport mechanism by
electrical impedance analysis. The crystallite size, manganese’s average oxidation state, and the crystal
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symmetry influence the impedance measurements. Both materials exhibit semiconducting properties
and thermally activated electron “hopping”.

Smått et al. [6] investigate how well-defined pinholes in TiO2 electron selective layers (ESL) in
planar heterojunction perovskite solar cells influence the device performance. Defects such as pinholes
compromise the cell performance due to enhanced surface recombination of electron-hole pairs. Sol-gel
derived porous titania layers were exploited as ESL, synthesized in a dip coating process, in which
block copolymers were utilized as templates. The porosity of TiO2 was varied between 0% and 47%,
as well as the film thickness between 20 and 75 nm. It turns out that narrow pinholes (<10 nm) do
not affect the device performance, which might be attributed to the fact that the perovskite crystals
do not form a connecting path through the pores in the titania layer up to the electrode. Thin titania
layers (<20 nm), lead to incomplete surface coverage. Hence a drop in performance of the device can
be observed. The scientists around Smått present an ideal model system to investigate the effect of
pinholes on the solar cell performance, leading to efficiency values up to 14.1%.

Björk and her colleagues [7] show how ordered mesoporous SBA-15 silica particles grow on
surfaces. The particle-based approach to synthesize silica films that can be functionalized and used
as catalysts for esterification reactions leads to a film thickness between 80 and 750 nm. It can be
tuned by the addition of NH4F during synthesis because it influences the formation rate of silica
particles. The time of the addition into the mixture is crucial for the quality of the resulting film.
Under optimal conditions, the homogenous surface coverage of an area larger than 75 cm2 is possible
and independent of the shape of the substrate (flat or three dimensional). Furthermore, they present
surface functionalization with acetic acid through co-condensation and a post-synthetic coating
with furfuryl alcohol foams. In the latter case, the alcohol can be converted to carbon. A second
surface functionalization leads to a sulfonated CMK-5 carbon-SBA-15 silica composite material.
The carbon-coated films were used as a catalyst for the esterification between acetic acid and ethanol,
reaching conversion up to 30% within one hour compared to a 5% conversion rate compared to the
catalyst-free reaction.

Another study dealing with ordered mesoporous silica materials is presented by Wilhelm et al [8].
They show how to functionalize porous silica materials with various phosphonic acids, phosphonic
acid esters as well as adenosine monophosphate. A wide range of silica materials were investigated
to cover a broad range of surface areas and pore sizes, e.g., MCM-41 with a pore size around 4
nm and a BET surface area of around 1300 m2 g−1. Furthermore, ordered mesoporous SBA-15
silica (pore size 6 nm, surface area 630 m2 g−1) was utilized. Additionally, commercially available
LiChrosorb SI 100 (14 nm, 280 m2 g−1) and synthesized disordered silica with hierarchical meso-
and macro-porosity were exploited. Lichrosorb and SBA-15 silica samples with immobilized
(4R)-4-phosphonooxy-l-proline were investigated in terms of their catalytic potential in the conversion
cyclohexanone with 4-nitrobenzaldehyde in an asymmetric aldol reaction.

This collection of fine articles shows the potential and challenges in the characterization and
application of functional nanoporous materials. Both from a theoretical and experimental point of
view, the authors present novel ideas, showing the prospects and exciting developments in the field of
porous materials.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: The cross-coupling reaction of 1,3,5-triethynylbenzene with terephthaloyl chloride gives a
novel ynone-linked porous organic polymer. Tethering alkyl amine species on the polymer induces
chemisorption of CO2 as revealed by the studies of ex situ infrared spectroscopy. By tuning the amine
loading content on the polymer, relatively high CO2 adsorption capacities, high CO2-over-N2 selectivity,
and moderate isosteric heat (Qst) of adsorption of CO2 can be achieved. Such amine-modified polymers
with balanced physisorption and chemisorption of CO2 are ideal sorbents for post-combustion capture
of CO2 offering both high separation and high energy efficiencies.

Keywords: porous organic polymers; amine modification; CO2 separation; adsorption mechanism;
chemisorption of CO2

1. Introduction

The long-term increasing CO2 emission from combustion of fossil fuels is widely considered as the
main reason for the global climate change and associated environmental issues [1]. Post-combustion
carbon capture dealing with separation of CO2 from flue gases is a feasible approach to reduce
industrial CO2 emissions and to gain control over the atmospheric CO2 concentration, and the method
has the advantage of allowing quite simple retrofit design of required instrumentation into existing
power plants [2]. However, the main challenge for the post-combustion technology is that the low
concentration of CO2 (ca. 5%−15 v%) in flue gases usually results in low separation efficiency [3].
Amine scrubbing, a mature technique using aqueous amine solution to absorb CO2 from mixed gases,
has been applied in natural gas purification and CO2 capture for more than a half century [4] and the
technique is currently employed to create large scale pilot facilities in, amongst others, Norway [5].
The strong chemical interactions between amine and CO2 molecules endow the high efficiency for
CO2 capture and separation. However, the energy consumption for amine reactivation arising from
heating the aqueous amine solution is high. In addition, the use of amine might cause amine leakage
and serious corrosion to the equipment. Therefore, it is highly desirable to develop new materials
for post-combustion carbon capture that can be operated in an economical and environmentally
friendly manner.

Porous materials with high surface areas and high volumes of narrow pores are ideal solid sorbents
for adsorption-driven CO2 capture, in which CO2 molecules can be selectively adsorbed onto the
surface or captured in the narrow pores [6,7]. For example, traditional zeolites and activated carbons
have been extensively studied for CO2 capture owing to their high microporosities and relatively high
CO2 adsorption capacities [8–14]. However, the hydrophilicity of zeolites and the broad pore size

Nanomaterials 2019, 9, 1020; doi:10.3390/nano9071020 www.mdpi.com/journal/nanomaterials5
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distributions of activated carbons have significantly limited their performances in CO2 capture and
separation. Emerging porous materials such as metal−organic frameworks (MOFs) [15–17] and porous
organic polymers (POPs) [18–23] are of great interest for CO2 capture because of their large surface
areas and tunable pore sizes. POPs constitute a type of porous materials created by linking pure organic
monomers, usually aromatic or conjugated, via strong covalent bonds [24,25]. The diverse synthesis
possibilities of POPs allows precise control of their nanoporous structure and surface chemistry at
the molecular level, aiming to increase the CO2 adsorption capacity and selectivity of CO2 over other
gases by thermodynamic effects [26–31]. Several studies reported on post-modification of POPs with
alkyl amines for CO2 capture [32–39]. The strong CO2−amine interactions on the amine-modified
POPs led to significantly enhanced CO2 adsorption capacity and increased CO2-over-N2 selectivity.
However, the strong interactions, interpreted by the high isosteric heat (Qst) of adsorption (up to
80 kJ mol−1) [35,37], require high energy input to reactivate the sorbents in the process of temperature
swing adsorption (TSA) or vacuum swing adsorption (VSA) [40]. In this context, it would be great of
interest to balance the trade-off between the separation efficiency and energy efficiency. Here, we report
a strategy to tune the amine density on a novel ynone-linked POP (y-POP) by the post-modification
approach, which enables balancing of the effects of physisorption and chemisorption of CO2 and
optimization of the CO2 adsorption capacity, CO2-over-N2 selectivity and heat of adsorption of CO2.

2. Results and Discussion

POPs can be synthesized from various organic reactions, of which coupling reactions constitute the
most commonly used routes [41]. For example, Zhu et al. reported on the Yamamoto homo-coupling
reaction of tetrakis(4-bromophenyl)methane for the synthesis of a porous aromatic framework
(PAF-1) [42]. The tetrahedral shaped monomer resulted in a three-dimensional framework of PAF-1
possessing an ultrahigh surface area of 5600 m2 g−1. Cooper and Jiang’s groups synthesized a number
of conjugated microporous polymers (CMPs) by Suzuki, Sonogashira, and Glaser coupling reactions,
which showed great potential in photocatalysis, light harvesting, etc. [43–46]. Recently, Son et al.
developed a carbonylative Sonogashira coupling reaction of phenyl alkynes and phenyl halides in the
presence of carbon monoxide, which gave a redox-active CMP that can be used as electrode material
for electrochemical energy storage devices [47]. Therefore, the exploration of organic reactions to form
novel structures in POPs could enrich their properties and applications. As we know, the cross-coupling
reaction between terminal alkynes and acyl chloride under Sonogashira conditions forms conjugated
α,β-alkynic ketones, also known as ynones [48]. More interestingly, further reaction of the ynones with
alkyl amines could form imine compounds by two possible routes [48–52]. One is that of conjugate
addition of the amine to α,β-alkynic ketone with formation of enaminone, which can be further
converted into the imine compound via the nucleophilic addition in the presence of excess of amine.
Another approach is direct nucleophilic addition of the amine to the ketone group forming the imine or
enaminone compound. However, to the best of our knowledge, the direct coupling of terminal alkyne
with acyl chloride has never been reported for the synthesis of POPs. In this context, we attempted the
cross-coupling of 1,3,5-triethynylbenzene with terephthaloyl chloride under Sonogashira conditions
for the synthesis of y-POP, which was catalyzed by bis(triphenylphosphine)palladium(II) dichloride
and copper(I) iodide in the presence of trimethylamine as a base (Scheme 1a). The conjugated structure
of the ynones and the aromatic monomers endow rigidity and stability of y-POP. In order to graft
amine species onto the polymer, the as-synthesized y-POP was treated by tris(2-aminoethyl)amine
(tren) in a methanol solution (Scheme 1b). The density of amine species tethered on the polymer was
finely controlled by tuning the concentration of tren in the methanol solution. Specifically, treatment
of y-POP in the methanol solution of tren (1, 5, 20 v%) yields the amine modified polymer y-POP-NH2,
denoted as y-POP-A1, y-POP-A2, and y-POP-A3, respectively. Based on the thermogravimetric
analyses (Figure S1), the amine loading content on the y-POP-NH2 can be roughly calculated to 12%,
16%, and 19% for y-POP-A1, y-POP-A2, and y-POP-A3, respectively.
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Scheme 1. (a) Synthesis of ynone-linked porous organic polymer (y-POP) by the Sonogashira coupling
reaction; (b) amine modification of y-POP.

The molecular structures of y-POP and y-POP-NH2 were examined by both Fourier transform
infrared (IR) and solid-state 13C nuclear magnetic resonance (NMR) spectroscopy. The IR spectrum of
y-POP shows strong bands at 2200 and 1720 cm−1, corresponding to the stretching vibrations of alkyne
(−C≡C−) and carbonyl (−C=O), respectively (Figure 1a). In general, the central −C≡C− group with a
high degree of symmetry displays a very weak IR stretching band [45]; however, the intensity of the IR
band can be significantly increased by introducing conjugated structures [47,53]. Therefore, the intense
IR band observed for the alkyne group can be correlated to the formation of conjugated structure with
a carbonyl group (−C≡C(=O)−). The study of the solid-state 13C NMR spectrum also confirms the
formation of ynone species in the polymer. The bands at chemical shifts of 91 and 83 ppm can be
assigned to carbon atoms (1, 2) of alkyne bonds (Figure 1b and Figure S2). The characteristic band for
carbon atoms (3) in carbonyl groups was observed at 176 ppm. Upon amine modification, the intensity
of the IR band at 1720 cm−1 was gradually decreased with increasing amine loading, indicating that
the carbonyl groups were consumed by the amine. In addition, the IR band intensity at 2200 cm−1 and
NMR band intensity at 91 and 83 ppm were decreased in y-POP-NH2 compared to y-POP due to the
transformation of the alkyne groups to enaminones. The broad shoulder bands at ~1660 cm−1 in the
IR spectra of y-POP-NH2 can be assigned to the imine stretching vibrations. Consistently, the broad
shoulder bands at the NMR chemical shift of 175−168 ppm for y-POP-NH2 indicate the formation
of enamine and imine bonds [52,54]. The broad IR bands at 3370 cm−1 observed for y-POP-NH2 are
assigned to the characteristic N−H stretching modes for the primary amine. The chemical shifts at 52
and 39 ppm for y-POP-NH2 correspond to the carbons in tethered tren species. The three major peaks
at 137, 130 and 123 ppm are assigned to the aromatic carbons in y-POP and y-POP-NH2. Other peaks
in the range of 60−10 ppm can be assigned to the carbon atoms in solvent molecules (tetrahydrofuran,
methanol, triethylamine) adsorbed in the pores of y-POP. Collectively, the studies of the IR and 13C
NMR spectra confirmed that ynone-linked POP was successfully synthesized and the tren molecules
were chemically tethered on y-POP-NH2.

Figure 1. (a) Infrared (IR) and (b) 13C nuclear magnetic resonance (NMR) spectra of ynone-linked
porous organic polymer (y-POP) and y-POP-NH2.
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As a strong organic base with a pKb value ≈4, the tethered tren species on y-POP-NH2 could
potentially attract CO2 molecules by the chemisorption effect. To investigate the CO2 adsorption
mechanism, we designed an ex situ IR experiment to study the molecular interactions between CO2

and the polymers. The polymer sample was grinded with KBr and pressed into a transparent pellet,
followed by drying at 100 ◦C for 12 h. The degassed pellet was used to record the IR background
spectrum in a transmission model. The pellet was subsequently flashed with CO2 for 2 h at room
temperature and thereafter a transmission IR spectrum was recorded again. The differences between
the two spectra revealed the adsorbed CO2 on the polymers, as shown in Figure 2. The intense bands
at frequencies of 2335 and 653 cm−1 in the spectra correspond to the physisorbed CO2 molecules,
which can be assigned to the asymmetric stretching and deformation vibration of C=O, respectively [55].
Physisorption clearly dominates the CO2 adsorption on y-POP as no extra band was observed in
the IR spectrum. In contrast, significant IR bands in the frequency region of 1750−1000 cm−1 were
observed for y-POP-NH2, which indicates that the tethered amine species induced chemisorption of
CO2. Obviously, a higher amine loading content in y-POP-NH2 resulted in a stronger IR intensity,
suggesting the enhanced effect of chemisorption of CO2. The band at the frequency of 1704 cm−1 was
assigned to C=O stretching (amide I), which is a characteristic indication of the formation of carbamic
acid or carbamate species from the reaction between CO2 and the amine groups on y-POP-NH2 [56–58].
The broad band at 1243 cm−1 was assigned to a combination of N−H bending and C−N stretching
(amide III) [59]. In addition, the bands at 1655, 1618, and 1475 cm−1 can be assigned to asymmetric
deformation of NH3

+ and the signals at 1538 and 1385 cm−1 can be associated to asymmetric stretching
of COO− [55,60–63]. Therefore, we could speculate that chemisorption of CO2 on y-POP-NH2 forms
ammonium carbamate ion pairs (Scheme S1).

Figure 2. Infrared (IR) spectra of adsorbed CO2 on ynone-linked porous organic polymer (y-POP) and
y-POP-NH2.

The porosities of the polymers were analyzed by N2 sorption measurements at 77 K, as illustrated
in Figure 3a. The sorption isotherm of y-POP displays rapid N2 adsorption at low relative pressures
(p/p0 < 0.05), which is characteristic for microporous materials. The significant N2 uptake at high relative
pressures (p/p0 > 0.8) and the accompanied hysteresis loop between the adsorption and desorption
branches suggest the presence of mesopores in y-POP arising from the inter-particle cavities observed
in SEM images (Figure S3). Such mesopores would facilitate the mass transportation and increase the
adsorption kinetics during the sorption processes. Pore size distribution analyses showed that y-POP
had ultramicropores (pore size: 0.74 nm), micropores (pore size: 1.2 nm) and mesopores (pore size:

8
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34 nm). As expected, amine modification on y-POP resulted in disappearance of the ultramicropores
and decrease in both micropore volumes and total pore volumes due to the pore blocking effect of
the tren species (Figure 3b). Consistently, the specific surface area of the y-POP-NH2 was gradually
decreased with increasing amine loading: the specific surface area values being 226, 145, 107, and 84 m2

g−1, for of y-POP, y-POP-A1, y-POP-A2, and y-POP-A3, respectively.

Figure 3. (a) N2 adsorption/desorption isotherms of ynone-linked porous organic polymer (y-POP)
and y-POP-NH2 recorded at 77 K; (b) Pore size distribution analyses of y-POP and y-POP-NH2 based
on the adsorption branches using the density functional theory model.

Given the microporous structure and the strong chemisorption of CO2 induced by the high amount
of amine species, we anticipated that y-POP-NH2 would have much higher CO2 adsorption capacities
and higher CO2-over-N2 selectivity than the corresponding values of unmodified y-POP. Figure 4a
compares the CO2 adsorption isotherms of y-POP and y-POP-NH2 with different amine densities at
273 K. Although the specific surface areas of the polymers were reduced after the amine modification,
y-POP-NH2 had significantly higher CO2 adsorption capacities than the substrate polymer of y-POP.
With the increase of amine loading, the CO2 adsorption capacity of y-POP-NH2 gradually increased up
to 1.11 and 1.88 mmol g−1 at 0.15 and 1 bar (273 K), respectively, which were 158% and 40% higher
than the corresponding values of y-POP (0.43 mmol g−1 at 0.15 bar; 1.34 mmol g−1 at 1 bar, 273 K).
In addition, the sorbents can be easily reactivated and showed excellent adsorption recyclability.
For example, y-POP-A1 retained 97% of its CO2 adsorption capacity after 5 cycles at 293 K (Figure S6).
In order to evaluate the potential of the polymers for capturing CO2 from flue gases, we calculated the
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CO2-over-N2 selectivity from their single component adsorption data recorded at 273 K (Figure 4a and
Figure S7) using ideal adsorption solution theory (IAST) [13,35,64,65]. The CO2 and N2 adsorption
isotherms were fitted by dual-site and single-site Langmuir equation, respectively (Figure S8 and Table
S1). The CO2-over-N2 selectivity is defined as S = (xCO2/yCO2)/(xN2/yN2), where x and y are the
molar fractions of the gas in the adsorbed and bulk phases, respectively. A simulated gas mixture of
15 v% CO2/85 v% N2 was used for the calculation. As illustrated in Figure 4b, the substrate polymer
y-POP showed a relatively low CO2-over-N2 selectivity of 20. In contrast, y-POP-NH2 containing
amine species displayed much higher selectivity up to 4.15 × 103. In addition, we have calculated
Henry’s law initial slope selectivity for the polymers (Figure S9), which are comparable to the values
obtained from the IAST calculations.

Figure 4. (a) CO2 adsorption isotherms of ynone-linked porous organic polymer (y-POP) and
y-POP-NH2 with different amine loadings at 273 K; (b) CO2-over-N2 selectivity of y-POP and y-POP-NH2

calculated by ideal adsorbed solution theory.

The binding affinity of the studied polymers toward CO2 was revealed by the Qst values, which can
be calculated from the temperature dependent CO2 adsorption isotherms (273, 283, and 293 K) using
the Clausius–Clapeyron equation. The substrate polymer of y-POP had a relatively low Qst value
of 29.0 kJ mol−1, which is characteristic for the physisorption of CO2. As expected, y-POP-NH2

showed gradually increased Qst values (y-POP-A1: 46.8 kJ mol−1; y-POP-A2: 62.2 kJ mol−1; y-POP-A3:
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76.5 kJ mol−1) with increasing amine loading (Figure S5). The high Qst values indicate the effect of
chemisorption of CO2 on y-POP-NH2, which is consistence with the ex situ IR results.

Table 1 summarizes CO2 adsorption capacities, CO2-over-N2 selectivity, and Qst values for the
four studied polymers. It is immediately clear that amine modification on the polymer significantly
increases the efficiency for CO2 capture and separation due to the effect of chemisorption of CO2.
In addition, the efficiency was proportional to the amine loading density on the polymer. However,
the polymers containing high amine loading contents had relatively high Qst values, which means that
reactivation of the sorbents requires a high energy consumption. Noteworthy, the sample y-POP-A1
had relatively high CO2 adsorption capacities (0.65 mmol g−1 at 0.15 bar; 1.50 mmol g−1; 273 K) and high
CO2-over-N2 selectivity of 271 (273 K). The selectivity is comparable to some top-performing sorbents
of amine-modified POPs [32], MOFs [66] and silica [67] that indicates the potential of using y-POP-A1
for efficient CO2 capture. In contrast, y-POP-A1 demonstrates a moderate Qst value of 46.8 kJ mol−1 at
a low coverage of CO2 (0.2 mmol g−1), which is much lower than those of amine-modified sorbents
(mmen-CuBTTri: 96 kJ mol−1; [66] PP1-2-tren: 80 kJ mol−1; [37] NTU-1: 75 kJ mol−1; [35] PEI (40 wt%)
⊂ PAF-5: 68.7 kJ mol−1 [38]; PPN-6-CH2-TETA: 63 kJ mol−1 [32]). Therefore, the balanced effects of
physisorption and chemisorption of CO2 on y-POP-A1 would offer both high separation efficiency and
high energy efficiency for post-combustion capture of CO2 from flue gases.

Table 1. A summary of specific surface area (SBET), CO2 adsorption capacity (273 K), CO2-over-N2

selectivity (273 K), and Qst of CO2 adsorption at the low coverage of CO2 for ynone-linked porous
organic polymer (y-POP) and y-POP-NH2 with different amine densities.

Sample
Amine

Loading
SBET

(m2 g−1)
CO2 Uptake (mmol g−1) CO2/N2 Selectivity Qst

(kJ mol−1)
0.15 bar 1 bar IAST Henry’s Law

y-POP 0 226 0.43 1.34 20 22 29.0
y-POP-A1 12% 145 0.65 1.50 239 216 46.8

y-POP-A2 16% 107 0.76 1.49 1083 750 62.2
y-POP-A3 19% 84 1.11 1.95 4154 3806 76.5

3. Conclusions

To conclude, a novel ynone-linked POP was synthesized and its molecular structure was fully
characterized by IR and 13C NMR spectroscopy. The polymer was further used as a substrate to tether
alkyl amine species by post modification. The ex situ IR results revealed that the amine species on
the polymers could induce chemisorption of CO2 with formation of ammonium carbamate ion pairs.
As a result, the amine-modified polymers showed high CO2 adsorption capacities, high CO2-over-N2

selectivity, as well as high Qst values. Remarkably, the amine density on the polymers can be finely
controlled by a molecular engineering approach, which allows balancing the physisorption and
chemisorption of CO2 to reach a high separation efficiency, excellent recyclability, high energy efficiency
for CO2 capture and separation. The use of this strategy in the design of amine-modified porous solids
(e.g., mesoporous silica, MOFs, clay, etc.) would offer highly efficient sorbents for post-combustion
capture of CO2.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-4991/9/7/1020/s1.
Figure S1. Thermogravimetric analysis curves of y-POP and y-POP-NH2. Figure S2. Solid-state 13C NMR
spectra of y-POP, y-POP-A1, y-POP-A2, and y-POP-A3. Figure S3. SEM images of y-POP, y-POP-A1, y-POP-A2,
and y-POP-A3. Figure S4. Powder X-ray diffraction patterns of y-POP and y-POP-NH2 showing the polymers are
mainly amorphous. Figure S5. CO2 adsorption isotherms of y-POP, y-POP-A1, y-POP-A2, and y-POP-A3 recorded
at 293 K. Figure S6. CO2 adsorption-desorption cycles for y-POP-A1 recorded at 293 K. Figure S7. N2 adsorption
isotherms of y-POP, y-POP-A1, y-POP-A2, and y-POP-A3 recorded at 273 K. Figure S8. CO2 (�) and N2 (�)
adsorption data and of y-POP and y-POP-NH2 recorded at 273 K. The red solid lines show the fitting results of the
data: The CO2 and N2 adsorption data was fitted by a dual-site and single-site Langmuir model, respectively.
Detail fitting results are given in Table S1. The fitted parameters from the single adsorption data were used to
predict the IAST selectivity. Figure S9. The CO2 and N2 adsorption data of (a) y-POP, (b) y-POP-A1, (c) y-POP-A2,
and (d) y-POP-A3 at low partial pressures at 273 K and the linearly fitted results. Henry’s law CO2-over-N2
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selectivities were calculated from the initial slopes of the CO2 and N2 isotherms. Table S1. Fitting parameters for
the CO2 and N2 adsorption data recorded at 273 K. Scheme S1. Possible mechanism of chemisorption of CO2 on
y-POP-NH2 with high amine loadings.
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Abstract: Surface-enhanced Raman scattering (SERS) with near-infrared (NIR) excitation offers a safe
way for the detection and study of fragile biomolecules. In this work, we present the possibility of
using silver-coated porous silicon photonic crystals as SERS substrates for near-infrared (1064 nm)
excitation. Due to the deep penetration of NIR light inside silicon, the fabrication of photonic
crystals was necessary to quench the band gap photoluminescence of silicon crystal, which acts as
mechanical support for the porous layer. Optimal parameters of the immersion plating process
that gave maximum enhancement were found and the activity of SERS substrates was tested
using rhodamine 6G and crystal violet dye molecules, yielding significant SERS enhancement for
off-resonant conditions. To our knowledge, this is the first time that the 1064 nm NIR laser excitation
is used for obtaining the SERS effect on porous silicon as a substrate.

Keywords: SERS; near-infrared; crystal silicon photoluminescence; porous silicon photonic crystals;
hot-spots

1. Introduction

Surface-enhanced Raman scattering (SERS) is an exceptionally powerful vibrational spectroscopy
technique, which finds wide applications in the identification and structural studies of biological
materials and chemical substances [1–3]. It has attracted a great deal of scientific interest due to a
huge enhancement of the Raman signal from a small number of molecules near or bound to plasmonic
surfaces, ultimately reaching single-molecule detection [4]. It is generally accepted that such a signal
enhancement is attributed to the superposition of the two effects, the electromagnetic (EM) and the
chemical enhancement mechanisms. The EM mechanism is dominant and originates from amplification
of the EM fields on or in the immediate vicinity of roughened noble-metal surfaces generated by the
excitation of localized surface plasmons, while the chemical mechanism results from charge-transfer
between adsorbed molecules and the metal substrate, which increases the polarizability of molecules
and thereby their Raman scattering cross-section [5].

Among the various promising SERS-active substrates [6], it has been shown that non-expensive,
easy-to-fabricate, stable in air, uniform, reproducible, and highly sensitive SERS-active substrates can
be produced using noble-metal nanoparticles deposited or grown on the porous silicon surface [7–13].
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Recently, a thorough and perspicuous review about SERS on metal-coated porous silicon as a substrate
has also been published [14].

Porous silicon (pSi), most commonly obtained on top of a crystalline silicon (cSi) wafer by
its anodization in hydrofluoric acid (HF) solution, is a versatile nanostructured material known
for its many unique optical, chemical, and physical properties and its corresponding usage [15].
By variation of the anodization parameters, porous layers with tunable pore sizes and thicknesses
can be produced [16]. Moreover, the obtained vast active surface area has an inherent property to
spontaneously reduce metallic ions, which have positive reduction potentials with respect to hydrogen
when immersed in their aqueous solutions [17–19]. Utilizing this feature, immersion plating has
become the most common method to coat pSi with certain metals (Ag, Au, Cu) and form SERS-active
substrates due to its simplicity, low cost, and, most importantly, control of the substrate morphology
by a precise variation of the deposition conditions [20–22].

So far, SERS measurements on pSi were conducted with excitation wavelengths in the visible
spectral range, where the strongest Raman enhancement was expected due to the matching of the laser
wavelength with the localized surface plasmon resonance of the metal/pSi substrates [23]. Extending
the wavelength range to the near-infrared (NIR) at 1064 nm, despite the loss of sensitivity due to
the Raman’s scattering fourth-power dependence on the excitation frequency, has advantages in
the absence of resonance-Raman effects for the majority of molecules, the reduction of fluorescent
photobleaching and plasmonic heating, as well as the avoidance of possible photodegradation of
biological molecules [24–26].

Although NIR SERS with an excitation at 1064 nm has been demonstrated to be operative during
the past 30 years [24,27–30], hitherto, metal-coated pSi was not used as an SERS-active substrate for
NIR excitation. The main reason is probably the deep penetration of NIR light inside cSi or pSi [31,32],
hence such an excitation induces the photoluminescence (PL) of the underlying cSi [33,34] due to the
energy matching with the cSi band gap, and consequently the SERS signal is concealed with the broad
PL peak. On the other hand, the usage of metal-coated free-standing pSi as the SERS substrate, obtained
by the detachment of the porous layer from the underlying cSi wafer and subsequent metallization,
although possible, does not meet standard SERS requirements for a robust substrate because of its
pronouncedly fragile nature.

More than 20 years ago, pSi multilayers were produced [35,36] by the utilization of another
of its important properties; the fact that already etched porous layers are not affected during the
electrochemical anodization, i.e., cSi dissolution occurs only at the etching front, which is the interface
between pSi and cSi. Thus, by varying the current density applied during the etch process, the porosity
can be modulated in the direction perpendicular to the pSi surface and, consequently, almost any
refractive index-depth profile can be realized. This allows the fabrication of a variety of pSi structures
with desired optical properties and with a wide range of applications, such as omnidirectional
mirrors [37], chemical and biological sensors [38,39], waveguides [40], and biomolecular screening [41].
Among those, periodic structures that can control the propagation of a certain frequency range of light
are called porous silicon photonic crystals (pSi PhC) [42]. They are characterized by a high reflectivity
stopband, which can be tuned to appear anywhere in the predetermined spectral region depending on
the appropriate selection of fabrication parameters.

The aim of this study is the structural optimization of SERS-active silver-coated pSi substrate for
NIR excitation. To obtain the SERS effect, pSi PhC with efficient reflectance in the NIR spectral range
(~1064 nm) that quenches the cSi substrate band gap PL had to be produced. Here, we report a detailed
fabrication of porous silicon rugate filters (pSi RFs) and subsequent synthesis of nanostructured silver
(Ag) coating with appropriate morphology by immersion plating of pSi RFs in Ag salt aqueous solution.
The SERS ability of such substrates was evaluated using aqueous/ethanolic solutions of rhodamine
6G (R6G) and crystal violet (CV) dyes at various concentrations.
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2. Materials and Methods

The cSi wafers used in this study were p-type, Boron doped, with a resistivity of 0.001–0.002 Ohm cm,
(100) crystal face orientation, and 525 ± 25 μm thickness, obtained from Prime Wafers Inc. Prior to
anodization, the cSi wafers were cut into ~4 cm2 squares and rinsed in acetone. The etching process was
performed in a home-made Teflon electrochemical etch cell with an aluminium foil as a back contact
and platinum mesh, suspended on a fixed height above the polished side of the cSi wafer, as a counter
electrode. The exposed surface of the cSi wafer electrode was approximately 2.5 cm2, adjusted by an
O-ring at the bottom of the cell. All pSi samples were obtained using a LabVIEW-controlled (National
Instruments, Austin, TX, USA) current source (2601B SourceMeter, Kiethley Instruments Inc., Solon, OH,
USA) in a solution composed of 40 wt%. HF (Sigma Aldrich, Taufkirchen, Germany) and 99% v/v ethanol
in a volume ratio of 3:1.

To obtain reproducible surfaces prior to fabricating pSi PhC, a precleaning procedure on the pSi
wafers was performed using a constant current density of 200 mA/cm2 for 30 s, followed by dissolving
the sacrificial porous layer in 1 M KOH solution [16]. For pSi RFs, the current density was modulated
with a sinusoidal waveform oscillating between 1 and 100 mA/cm2 and repeated for 40 or 80 cycles.
The periods were between 4.6 and 4.9 s and these conditions yielded a mesoporous structure with
64% porosity. For ordinary one-layer pSi samples, the anodization process was carried out using a
constant current density of 50.5 mA/cm2 with 200 s etching duration. After etching, the samples
were rinsed twice in ethanol and dried under a gentle stream of nitrogen gas. Table 1 summarizes
the characteristics of the samples used in this study. The porosity of the samples was determined
gravimetrically by measuring the sample masses on a laboratory balance with a resolution of 10 μg.
The thus prepared pSi and pSi RF samples remained attached to the cSi wafer substrate throughout
the rest of the study.

Table 1. Preparation conditions for all used samples.

Sample J (mA/cm2) Period (s) Cycles

pSi S1 50.5 n/a n/a
RF S1 1–100 4.6 40
RF S2 1–100 4.7 40

RF S2a 1–100 4.7 80
RF S3 1–100 4.8 40
RF S4 1–100 4.9 40

Just before the immersion plating procedure, the pSi and pSi RF samples were mechanically
divided into small rectangles with a surface area of about 1–2 mm2 and dipped for 2 min in a 2 wt%
HF solution to remove the native oxides from the surface, followed by rinsing with ethanol. Ag
nanostructures were deposited on the top surface of a porous layer by immersing the prepared pSi and
pSi RF samples into 10−2 M AgNO3 aqueous solution for 1 to 35 min. The thus prepared SERS-active
substrates were rinsed in water and left to dry in air. When necessary, the Ag-coated pSi and pSi RF
samples were immersed into a 10 mM HCl solution for 10 s to remove any contaminant adsorption on
a high surface area of Ag-coated pSi and pSi RF samples during the specimen preparation and storage.

As testing molecules for SERS R6G and CV were used; the stock 10−2 M analyte solutions were
prepared by dissolving the solid powder in 1:1 water/ethanol volume ratio. Different concentrations
(10−3 M to 10−8 M) were obtained by successive dilution of stock solutions. Ag-coated pSi and pSi
RF samples were incubated for 30 min [43] in 200 μL of the analyte solutions to realize molecule
adsorption. After incubation, samples were thoroughly rinsed with water and left to dry in air.

Raman and SERS measurements were performed in backscattering geometry using a
continuous-wave Nd:YAG 1064 nm laser (9398 cm−1) as an excitation source with a PerkinElmer GX
FT-Raman spectrometer. The spectra were recorded by averaging 10–100 scans in the 3500–200 cm−1
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range with a spectral resolution of 4 cm−1. The laser power used was between 250–500 mW to avoid
the influence of possible heating while the spot size on the samples was about 0.25 mm in diameter.

The reflectance spectra of pSi PhC were measured by a UV–Vis–NIR spectrophotometer
(Shimadzu UV-3600, Shimadzu Corp., Kyoto, Japan) with the integrated sphere in the total reflectance
mode over the spectral range of 300–2400 nm with a resolution of 1 nm and a normal angle of incidence.

The structural properties of samples were determined using a JEOL JSM-7000F (Jeol Ltd., Tokyo,
Japan) thermal field emission scanning electron microscopy (FE-SEM) operating at 3 and 5 kV
accelerating voltage and with a working distance of ~10 mm.

All experimental procedures were done at room temperature. Millipore ultrapure water (Milli-Q,
18.2 MΩ/cm) was exclusively used.

3. Results and Discussion

3.1. Crystal Silicon Photoluminescence

During the etch process, pSi is fabricated on top of the underlying cSi wafer, which mainly acts as
mechanical support for the porous layer. The penetration depth of the near-infrared 1064 nm laser
excitation used in this work, contrary to the visible lasers commonly used in SERS applications, is
rather deep for silicon because of its low absorption coefficient at this wavelength [31], and therefore
NIR light penetrates through the pSi into the cSi substrate. Since this excitation has a photon energy
of ~1.165 eV, which is just slightly above the band gap of cSi (~1.115 eV at room temperature), strong
cSi band gap PL is created due to radiative recombination of photogenerated charge carriers [44,45].
The pSi band gap is much wider [15], hence NIR light cannot induce its PL. Figure 1 shows the typical
FT-Raman spectrum of pSi on top of the highly doped cSi substrate recorded with the near-infrared
1064 nm excitation. Superimposed on the broad PL background, only one sharp peak, located at
~520 cm−1 relative to the excitation line and corresponding to the Raman scattering by transverse
optical (TO) phonons at the center of the Brillouin zone of cSi is clearly distinguishable. Other visible,
much broader peaks and a tailing PL emission have been associated with dislocation effects related
to strain, impurities, or ground boundaries in the cSi [33,45]. Due to this broad PL band, it is not
convenient to use such spectrum as a referent one for SERS measurements.

Figure 1. FT-Raman spectrum of pSi on top of highly doped cSi substrate. The band at ~520 cm−1

due to the transverse optical phonons (TO) is shown. The band marked with an asterisk represents
instrumental artifact.

To avoid the influence of the cSi substrate band gap PL, the porous layer can be detached from the
cSi substrate during the final stages of the electrochemical etching process. Unfortunately, the thin films
of free-standing pSi are extremely delicate to handle and are unfavourable for practical applications.
Moreover, pSi samples with cSi bases can be easily diced to obtain the desired surface area for certain
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applications. Furthermore, cSi bases are important for possible technological applications, such as the
integration of an SERS-active substrate with other elements on a single cSi wafer [15].

On the other hand, an additional possibility to eliminate undesirable cSi PL exists. As already
briefly mentioned in the introduction section, the easiest and most common way to deposit Ag on pSi
and thereby create SERS-active substrate is the immersion plating method. The spontaneous formation
of Ag nanostructures on the surface of a pSi template during its immersion in AgNO3 solution
proceeds in accordance to the Volmer-Weber mechanism and the model proposed by Harraz et al. [18].
The oxidation of the pSi surface occurs simultaneously with the Ag+ ion reduction and the whole
deposition process continues by Ag island nucleation and growth, resulting in an oxidized pSi layer
coated with Ag nanoparticles (Ag NPs). Generally, it is known that the deposition conditions have a
determinable effect on the properties of the SERS-active substrates. For instance, Saito et al. [46,47]
used the silver mirror reaction to produce silver films on silicon and transparent borosilicate glass.
The size of the silver colloidal particles in these films could be tightly controlled by varying the reaction
conditions. In the present contribution, the parameters of the immersion procedure, along with the
pore diameters, interpore distance, and the thickness of the spongiform pSi surface, have a crucial
influence on the morphology (average size, density, and arrangement) of the uniformly deposited
Ag NPs and hence on the Raman signal enhancement of the adsorbed molecules [8,20–22,43]. After
fixing the parameters, such as the AgNO3 concentration and temperature, increasing the time of
deposition leads to an increase of Ag NPs’ size, aggregation of the Ag NPs to nanoclusters, and
eventually nanocluster coalescence into a uniform layer. However, the deposition of metals is usually
accompanied by the quenching of PL due to a fundamental disruption of the luminescence mechanism,
increasing with the metal content in the layer [17,48], meaning that Ag crystals attract excited electrons,
eliminating the possibility of recombination with holes. Moreover, metals are known for their high
reflectivity in the NIR spectral region [49], hence prolonged Ag deposition leads to the formation
of layers with efficient reflectance of the incoming 1064 nm laser excitation, thus preventing the cSi
PL emergence.

Considering this, the pSi samples S1 were immersed in 10−2 M AgNO3 for different deposition
times (1–35 min). With the increase of the deposition time, a gradual color change of the pSi surface
from light grey to shiny metallic was observed, indicating the formation of a thick uniform Ag layer.
The Raman spectra for this sequence of Ag/pSi samples are shown in Figure 2a. It is visible how cSi
luminescence quenches with a longer exposure of samples to the Ag salt. To precisely determine the
immersion time of the complete cSi PL disappearance, another set of Ag/pSi samples’ Raman spectra
was recorded and is shown in Figure 2b with an expanded vertical axis, revealing that more than
30 min of dipping is needed.

Figure 2. Comparison of FT-Raman spectra of pSi on top of a highly doped cSi substrate immersed in
10−2 AgNO3 for different deposition times: (a) 1–35 min (50 scans), (b) 15–35 min (10 scans).
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Additionally, it can be seen that the TO cSi peak at ~520 cm−1 decreases at the prolonged
immersion times and disappears after ~30 min, which is direct evidence that laser excitation does
not penetrate into the cSi substrate. Two sharp peaks (that are possibly unreacted AgNO3 or Si-O
vibrations) appearing at ~960 and ~1042 cm−1 after 5 to 7 min of immersion were successfully removed
by short dipping in a diluted hydrochloric acid solution. This cleaning process had no influence on the
FT-Raman spectrum of Ag-coated pSi, as can also be seen in Figure 2b.

The morphology of the pSi surface and Ag NPs immobilized on it was examined by FE-SEM.
Figure 3a shows the top view FE-SEM image of pSi before immersion into Ag salt and reveals a dense
mesoporous morphology with estimated average pore dimensions of ~10 nm. Figure 3b–d show the
same sample after 30-min immersion into 10−2 M AgNO3 at different magnifications. It is visible that
micrometer-sized Ag dendrites on top of the quasi-continuous Ag film cover the entire porous surface.
At higher magnifications, it is evident that film formation consists of almost coalesced particles.

Figure 3. FE-SEM top view images of pSi S1 (a) mesoporous substrate prior to immersion in Ag salt;
(b–d) micrographs of Ag particles formed on top of pSi by immersion plating for 30 min in 10−2 M
AgNO3 at three magnifications.

3.2. Porous Silicon Photonic Crystals

In this work, pSi PhC are utilized to block the penetration of 1064 nm NIR light into the cSi and
hence inhibit the occurrence of the undesired cSi PL. During the electrochemical etching, the refractive
index of pSi, being itself a function of the material’s porosity, is determined by the applied current
density. A special class of pSi PhC, which has a continuous sinusoidal refractive index variation in the
direction normal to the surface, iscalled pSi rugate filter (pSi RF) [50]. Compared to commonly used
Bragg reflectors, which possess a slightly higher and wider reflectivity peak, usually called a stopband,
pSi RF’s individual layers are not required to be phase-matched, hence they are much simpler to
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fabricate. The spectral position of this reflectivity peak, which arises from the multiple reflections and
interference in the periodic internal structure, is described by the equation:

λ = 2navd, (1)

where nav and d are the average effective refractive index of the porous structure and the period of one
sinusoidal oscillation, respectively. Thus, for a fixed difference of anodization currents, the reflectivity
peak shifts toward higher wavelengths by increasing the spatial thickness of each layer, which is
proportional to the period of an etch cycle [51]. The width of this resonance feature, sometimes also
called the photonic band gap (PBG), depends solely on the refractive index contrast and for that reason,
we used highly doped cSi, whose porosity of the single layers can be tailored in a broader range
compared to the less doped p-type cSi [36].

Figure 4a shows the reflectance spectra of four pSi RFs prepared with the same etching conditions
except slightly different sine periods. For fixed 40 sine cycles, the principal rugate stopband of the
samples shifts from 1053 to 1132 nm as the period increases from 4.6 to 4.9 s. The reflectance is
maintained at ~85% and the full width at half maximum of the reflection peaks vary between 160 and
200 nm. Since we only considered the performance within the stopband, deviations from the ideal pSi
RF structure were of no concern. For instance, higher-order harmonics with smaller amplitudes, visible
approximately at integer multiples of the energy of the first stopband, can otherwise be suppressed by
creating rugate filters with a sinusoidal modulation of the logarithm of the refractive index, n, with
depth [52] Also, no apodization or index matching functions [53] were applied to the refractive index
profiles to reduce interference oscillations (Fabry-Perot fringes) appearing on the higher-wavelength
side of the stopband and arising from reflections at the air/pSi and pSi/cSi interfaces. Although
increasing the number of sinusoid etch repetitions for a given fixed period reduces the width and
increases the reflectivity of a principal band up to a certain limit [54], we observed different behaviour,
as seen in Figure 4b. This is probably because of depth inhomogeneities of the optical thickness of
single layers, caused by the conductivity and local changes of the HF concentration [55,56], which
smears out the principal band for longer etching times [36].

Figure 4. Reflectance spectra of pSi RFs (a) pSi RFs prepared using same sinusoidal current densities
and same number of different periods (b) pSi RFs prepared with same period but different number of
cycles. The vertical lines represent the wavelength of FT-Raman excitation (1064 nm).

To validate the programmed etch structure of the pSi RFs, cross-sectional FE-SEM images of
sample RF S2 were recorded. As shown in Figure 5a,b, the rugate structure consisting of a sinusoidal
porosity gradient with smooth interfaces in the direction perpendicular to the plane of the filter is
visible. The higher and lower porosities, corresponding to larger and smaller current densities, can
be clearly distinguished as darker and brighter zones. A periodic pattern is maintained over the
whole layer, which consists of 40 periods with an overall thickness of ~11.5 μm. It is also important to
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mention that the top surface of the pSi RFs strongly resemble the mesoporous surface of the pSi S1
shown in Figure 3a.

Figure 5. Cross-section FE-SEM images of an RF S2 consisting of 40 cycles recorded with two
magnifications. (a) Low magnification image showing the whole rugate filter structure (b) High
magnificationimage showing zones of different porosities in more detail.

As displayed in Figure 4, the excitation laser wavelength is aligned with the stopband of samples
RF S1, RF S2, and RF S2a, hence the high reflection of the incoming light is expected. It is important to
mention that no difference was observed for the Raman or SERS intensities of the probe molecules
of all three aforementioned substrates, hence only the spectra obtained from sample RF S2 will be
presented. Figure 6 presents a comparison of two FT-Raman spectra: Highly concentrated R6G
(10−2 M) on samples of pSi S1 and RF S2, both on top of a highly doped cSi substrate, prior to Ag
deposition. Although both spectra show a Raman TO peak at 520 cm−1, it can be concluded that the
~85% reflectance on 1064 nm (visible on Figure 4) of sample RF S2 is enough to successfully quench
cSi PL. Also visible are very small peaks corresponding to the most prominent bands of the probe
molecule, R6G, exhibiting detection of 10−2 M R6G on bare samples of pSi S1 and RF S2, i.e., without
Ag coating. The same concentration was also barely detected for CV (not shown). Any Raman signal
for concentrations lower than 10−2 M of both analytes could not be detected.

Figure 6. Comparison of FT-Raman spectra of the highest detectable R6G concentration of (10−2 M)
on non-metallized samples: (a) pSi S1, (b) RF S2 (both 100 scans, 500 mW). Wavenumber range of
1600–1300 cm−1 is magnified in inset. Two weak peaks at 1509 and 1364 cm−1 corresponding to the
most prominent bands of R6G are visible.
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3.3. SERS on Porous Silicon Photonic Crystals

To optimize the immersion plating procedure that adjusts the Ag-coated pSi morphology for
maximal SERS enhancement, RF S2 samples were immersed into 10−2 M AgNO3 for different
deposition times (1–10 min) under a fixed solution temperature. This particular Ag salt concentration,
according to previous works [8,10,12,14,20,22], was revealed as optimal for the formation of a
reproducible and highly effective SERS-active mesoporous silicon because of the fast yet controllable
Ag deposition. Due to their well-characterized Raman features and adsorbability onto Ag NPs, we
used commonly investigated dye molecules, R6G and CV, as the probe molecules for SERS detection.
Figure 7a,b present the comparison of the SERS spectra obtained from the series of Ag-coated RF S2
samples synthesized with different dipping times using 10−4 M R6G and CV, respectively. The strongest
peak intensities were for both analytes obtained for an immersion duration of exactly 5 min, although
the signal is rather strong in the 4–7 min range. For the other immersion times, a significant decrease
in the signal intensities can be seen, which is more pronounced in the CV case probably due to the
higher laser power used. Referring to Figure 2, it is also apparent that a deposition time of more than
30 min, which quenches the cSi PL on pSi sample S1, would yield a rather small (or none whatsoever)
SERS signal, hence the necessity of pSi PhC utilization is further corroborated.

Figure 7. The SERS spectra of 10−4 M (a) R6G (25 scans, 250 mW) and (b) CV (50 scans, 500 mW)
molecules deposited on RF S2 samples immersed in 10−2 M AgNO3 for different times (1 to 10 min
from bottom to top). Spectra are offset along the y-axis for clarity.

Since the SERS effects are related to the shape, size, and aggregation of Ag NPs, FE-SEM images
of the sample RF S2 immersed in 10−2 M AgNO3 for 5 min were recorded and examined to reveal the
optimal morphology of the Ag-coated pSi RF that produced maximal SERS enhancement. Figure 8a–c
show the FE-SEM top-view images of the Ag NP-decorated sample, RF S2, and Figure 8d shows
the corresponding cross-section image. Although several dendritic structures already formed by
agglomeration can be seen, the 5-min immersion process led to the formation of a large number of
randomly deposited, densely packed Ag NPs with a wide size distribution. Moreover, it can be inferred
from Figure 8c that a new population of smaller NPs within the gaps between larger ones’ forms,
evidencing not only the presence of new nucleation sites for Ag NPs growth, but also a reduction of
the gaps between NPs. These narrow gaps might explain the obtained signal enhancement since their
presence is known to be essential in obtaining high SERS activity due to the existence of substantially
enhanced local EM fields between them [57].
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Figure 8. FE-SEM images of Ag NPs, formed on sample RF S2 by immersion plating for 5 min in
10−2 M AgNO3. (a–c) Top view micrographs at three magnifications; (d) cross-section view.

After finding the optimal duration of an immersion process that displayed the highest SERS
sensitivity, a series of identical Ag-coated pSi samples RF S2 were soaked in different concentrations
of R6G and CV in order to obtain the detection limit. The recorded SERS spectra of the probe
molecules with decreasing concentrations are shown in Figure 9a,b. It is clearly visible that the
minimum detectable concentration for R6G is 10−7 M while for CV we managed to detect a two-times
lower concentration of 5 × 10−8 M. Although less intensive peaks are not detectable at the lowest
concentrations, a few of the most prominent bands of R6G and CV are still well-resolved. They include
614 cm−1 (C-C-C ring), 1188 cm−1 (C-C stretching), 1314 cm−1 (CH deformation), 1364 cm−1 and
1509 cm−1 (both aromatic C-C stretching) for R6G [58,59]. For CV 416 cm−1 (C-C-C out-of-plane
bending). 910 cm−1 (phenyl ring breathing mode), 1186 cm−1 (ring C-H in-plane bending), 1391 cm−1

(N-phenyl stretching), 1446 cm−1, and 1592 cm−1 (both ring C-C stretching) were apparent [12,60].
It is apparent that the positions of these most intense vibrations correlate with the reference peaks,
although some small shifts are observed. A possible cause for these shifts might be the adsorption of
the dyes with different orientations on the Ag NPs. Evident also are changes in the relative intensities
of several SERS bands when comparing ours with reference spectra obtained using visible excitation.
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Figure 9. The SERS spectra of (a) R6G and (b) CV (both 100 scans, 500 mW), deposited on RF S2
samples at different dilutions (higher to lower concentrations from top to bottom). Spectra are offset
along the y-axis for clarity.

A typical parameter used for estimation of the SERS substrate performance called the enhancement
factor is usually calculated [61]. Due to the complex morphology of Ag-coated pSi and the intrinsic
difficulty of precisely determining the scattering volume in FT-Raman measurements, the number
of molecules contributing to the SERS signal cannot be reliably determined. By virtue of this,
the parameter of choice in our investigation used to estimate SERS enhancement was external amplified
Raman efficiency (EARE) [62], defined as the ratio of the minimum detectable concentration of the
probe molecules obtained on the bare pSi and the one obtained on the SERS substrate. For the SERS
substrate, RF S2, the calculated EAREs are 105 for R6G and 5 × 105 for CV.

The maximum absorptions of R6G and CV are at ~525 and ~590 nm, respectively, hence our
excitation wavelength is off-resonant with the analytes’ electronic transitions and no resonance Raman
effects, which enhance the SERS signal, are present. Also, the plasmonic resonance of Ag-coated
pSi RFs, determined by the size and shape of NPs and their mutual EM interaction, as well as the
dielectric function of a pSi substrate, is usually restricted to the visible range [63,64] with only its wings
expanding to the NIR region. Therefore, our excitation wavelength is off-resonant with the localized
surface plasmon resonance of Ag NPs deposited on pSi RFs. Ergo the obtained SERS enhancement
is most likely to be caused by adsorption of molecules onto appropriately structured arrangements
of Ag NPs called ‘hot spots’. They include narrow junctions between two or more interacting metal
particles, where a spatially confined, intense EM field is present, but also sharp tips of the NPs, where
the crowding of the electric field lines exist (lightning rod effect) [65]. Our explanation is in agreement
with [66], who concluded that the dye molecules, such as R6G and CV, might preferentially adsorb
on hot-spots.

Regarding the issue of reproducibility, since our excitation laser beam with a diameter of ~0.25 mm
illuminates a large sample area with randomly adsorbed molecules, which statistically includes many
hot spots with different local geometry and hence different enhancement, we did not observe the
strong intensity fluctuations notorious for SERS when recording spectra on different spots on samples’
surfaces, although the reproducibility standards proposed in [67] were not fully satisfied.

However, an additional possibility for a small contribution to SERS signal enhancement also
exists. As already emphasized, the transmission of light through the PBG is prohibited, hence high
back-reflection of the excitation light for sample RF S2, where the PBG is aligned with the laser
light, is expected. Thus, the back reflected light might contribute to the enhancement of the local
EM field around Ag NPs for pSi RFs and therefore also contribute to the overall SERS enhancement.
Moreover, if the wavenumber of the Raman-scattered photons falls within the PBG of a periodic
multilayered structure, a backward reflection of photons will result in their constructive interference,
leading to further enhancement of Raman signals [68,69]. This principle was also expanded for SERS
measurements [70] and, most recently, Zhong et al. [71] reported an almost 4 fold increase in SERS
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EF by using pSi PhC. Since the primary goal of our PBG was quenching the cSi PL, laser excitation
light was aligned with the rather narrow stopband of our pSi RF (<200 nm), hence only low-frequency
Raman modes might be enhanced. Increasing the bandwidth of the pSi RF stopband, attainable either
by varying the spatial frequency (‘chirping”) [53] or by superposition of sine functions [72], in order to
quantify the PBG effect contribution to the SERS enhancement, is the scope of our future work.

4. Conclusions

In conclusion, silver-coated porous silicon photonic crystals as SERS substrates were developed
for near-infrared excitation (1064 nm), which is important for the Raman detection and study of fragile
biomolecules. Porous silicon photonic crystals with high reflectance at the excitation wavelength
were produced to quench the underlying crystalline silicon substrate band gap photoluminescence.
The procedure for the formation of the nanostructured silver deposits with an appropriate morphology
on the porous layer was optimized, yielding the most pronounced SERS activity for porous silicon
rugate filters immersed for 5 min in 10−2 M AgNO3. The results show high SERS-sensitivity with a
concentration detection limit of 10−7 and 5 × 10−8 M of the typical probe molecules, Rhodamine 6G
and Crystal violet, which is a more than 5 orders of magnitude lower concentration than detectable
on bare porous silicon. Due to the non-resonant matching of the excitation wavelength with the
localized surface plasmon resonance of the silver nanoparticles deposited on the mesoporous silicon,
the observed Raman signal enhancement is explained to primarily be the result of the existence of
hot-spots on the sample surface.
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Abstract: This article aims to investigate free vibration and buckling of functionally graded (FG)
nanoporous metal foam (NPMF) nanoshells. The first-order shear deformation (FSD) shell theory is
adopted and the theoretical model is formulated by using Mindlin’s most general strain gradient
theory, which can derive several well-known simplified models. The symmetric and unsymmetric
nanoporosity distributions are considered for the structural composition. Hamilton’s principle is
employed to deduce the governing equations as well as the boundary conditions. Then, via the Navier
solution technique, an analytical solution for the free vibration and buckling of FG NPMF nanoshells
is presented. Afterwards, a detailed parametric analysis is conducted to highlight the effects of
the nanoporosity coefficient, nanoporosity distribution, length scale parameter, and geometrical
parameters on the mechanical behaviors of FG NPMF nanoshells.

Keywords: nanoporous metal foam; nanoshell; buckling; free vibration; strain gradient theory;
first-order shear deformation theory

1. Introduction

Functionally graded materials (FGMs) have a continuous and smooth graded distribution of
material properties in the spatial field. Due to their superior properties and advantages, FGMs have
been successfully extended to various engineering applications and received much attention [1–24].
Recently, a breakthrough made it possible to realize desired structural properties by adjusting the local
density of structures, thereby developing novel functionally graded (FG) porous structures composed
of metal foams having graded density [25–28]. The application of nanoporous metal foams (NPMFs)
has been extended to some advanced engineering fields due to their extremely high specific surface
area [29–32]. This kind of material has a combination of properties that is not achievable for ceramics,
metals, or dense polymers.

Micro/nanostructures have been successfully used in shape memory alloys [33] and micro- and
nano-electro-mechanical systems (MEMS and NEMS) [34,35]. The small-scale effects on the mechanical
behaviors of micro/nanostructures have been experimentally observed in their applications [36,37].
It was revealed that the mechanical behaviors of micro/nanostructures were different from their
macro counterparts due to the size effect [38,39]. Due to the lack of intrinsic material length scale
parameters, the classical continuum theory has no ability to predict the mechanical characteristics of
micro/nanostructures. Therefore, several size-dependent continuum theories have been proposed to
compensate for the drawbacks of the classical continuum theory for micro/nanostructures. One of the
size-dependent continuum theories is Mindlin’s strain gradient theory (SGT) [40], which is known as
the general form of the SGT containing five additional material length scale parameters compared to the
classical continuum theory. Later, several special forms of Mindlin’s SGT were proposed. For instance,
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one of the most popular forms is the modified strain gradient theory (MSGT) [37]. In fact, this theory
is a more useful form of Mindlin’s SGT including three material length scale parameters related to
symmetric rotation gradients, deviatoric stretch gradients, and dilatation gradients. Several successful
applications of the MSGT in dynamic and static analyses of micro/nanobeams [41–44], plates [45–47],
and shells [48–50] have been reported. It should be noticed that the modified couple stress theory
(MCST) [51] can be achieved by ignoring two of the three material length scale parameters in the
MSGT. Moreover, the MSGT can be simplified to the classical theory (CT) by neglecting all of the three
material length scale parameters.

Recently, the structural performance of NPMF micro/nanobeams has been investigated by
several researchers. Post-buckling analysis for nanobeams made of NPMFs is presented by Barati
and Zenkour [52] via the nonlocal elasticity theory (NET). By using the nonlocal strain gradient
theory together with the third-order shear deformation beam theory, nonlinear bending of FG
NPMF micro/nanobeams reinforced by graphene platelets has been analyzed by Sahmani et al. [53].
Wang et al. [54] utilized the sinusoidal beam theory and the MSGT to study the vibration and bending
of NPMF microbeams.

Shell-type structures have excellent mechanical properties [55–61], and thus, nanoshells are
important components in various MEMS and NEMS [62–64]. Complete knowledge of the mechanical
properties of nanoshells encourages researchers to use them more efficiently. Therefore, some research
has been made to illustrate the buckling and vibration characteristics of nanoshells. For example,
by using the NET, Hoseinzadeh and Khadem [65] investigated the thermoelastic vibration of
double-walled carbon nanotubes (CNTs). By employing the classical shell theory together with
the Gurtin-Murdoch elasticity theory, Sahmani et al. [66] analyzed the postbuckling and nonlinear
buckling of cylindrical nanoshells subjected to radial and axial compressive loads. Implementing the
NET in the first-order shear deformation (FSD) shell theory, Ansari et al. [67] explored the buckling
behavior of multi-walled CNTs including the effect of the thermal environment. Wang et al. [68]
studied the nonlinear vibration of nanoshells conveying fluid based on the surface stress elasticity
theory as well as the classical shell theory.

In the present study, we aim to make an attempt to investigate the vibration and buckling of
circular cylindrical nanoshells made from FG NPMFs. In order to accommodate the size dependency of
the nanostructure, the general SGT is used to develop the size-dependent first-order shear deformable
nanoporous nanoshell model. The governing equations, as well as the related boundary conditions,
are obtained simultaneously by utilizing Hamilton’s principle. The free vibration and axial buckling
of simply supported nanoporous circular cylindrical nanoshells are solved analytically by means of
the Navier solution technique. Moreover, the influence of some key parameters on the vibration and
buckling properties of the system is shown.

2. FG NPMF Circular Cylindrical Nanoshells

An FG NPMF circular cylindrical nanoshell of middle-surface radius R, thickness h, and length L
is shown in Figure 1. Two kinds of nanoporosity distribution in the thickness direction are considered,
namely, nanoporosity-1 and nanoporosity-2. Additionally, the nanoshell is subjected to axial loads N0

xx.
Owing to non-uniform nanoporosity distribution, mass densities ρ(z), Young’s modulus E(z), and

shear modulus μ(z) of the nanoshell are functions of position and can be written as [69–74]:
Nanoporosity-1:

E(z) = E∗
1 [1 − e0 cos(πζ)] (1)

ρ(z) = ρ∗1 [1 − em cos(πζ)] (2)

μ(z) = μ∗
1 [1 − e0 cos(πζ)] (3)

Nanoporosity-2:

E(z) = E∗
1

[
1 − e0 cos

(
πζ

2
+

π

4

)]
(4)
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ρ(z) = ρ∗1
[

1 − em cos
(

πζ

2
+

π

4

)]
(5)

μ(z) = μ∗
1

[
1 − e0 cos

(
πζ

2
+

π

4

)]
(6)

where ζ = z/h, the nanoporosity coefficients are e0= 1 − E∗
0/E∗

1 (0 ≤ e0 < 1) and em= 1− ρ∗0/ρ∗1 (0 ≤
em < 1), ρ∗0 and ρ∗1 are the minimum and maximum values of the mass density, respectively. The

minimum Young’s modulus E∗
0 and the maximum value E∗

1 are related to the minimum shear
modulus μ∗

0 and the maximum value μ∗
1 according to μ∗

i = E∗
i /[2(1+ν)] (i = 0, 1), in which ν indicates

Poisson’s ratio.
For an open-cell metal foam, we have [75,76]:

E∗
0

E∗
1
=

(
ρ∗0
ρ∗1

)2
(7)

Thus, the relation between e0 and em is obtained as:

em = 1 −
√

1 − e0 (8)

 

(a) 

  

(b) (c) 

Figure 1. Schematic of a functionally graded (FG) nanoporous metal foam (NPMF) cylindrical nanoshell.
(a) Coordinate system; (b) nanoporosity-1; (c) nanoporosity-2.

Figures 2 and 3 give the variations of mass density and Young’s modulus, respectively, of the
FG NPMF nanoshell along the thickness direction. Note that both kinds of nanoporosity distribution
have the same minimum and maximum values of mass density and elasticity modulus. For the
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nanoporosity-1 nanoshell, it possesses the minimum values of mass density and Young’s modulus on
the middle surface (z = 0) of the nanoshell; while the maximum values are on the outer (z = h/2) and
inner (z = −h/2) surfaces which are equal to the values of the nanoshell that consisted of solid metal.
For the nanoporosity-2, mass density and elasticity modulus have the minimum values on the inner
surface and gradually increase to the maximum values on the outer surface of the shell.
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Figure 2. Variation of mass density of FG NPMF nanoshell: (a) nanoporosity-1; (b) nanoporosity-2.

 

(a) (b) 

ε
 ξ

ξ ε

E

z h

e
e
e
e
e

× ×

E 

z h

e
e
e
e
e

Figure 3. Variation of Young’s modulus of FG NPMF nanoshell: (a) nanoporosity-1; (b) nanoporosity-2.

3. Theory and Formulation

3.1. General SGT

As we know, the strain energy density in the CT is described as the function of the strain tensor ε.
The strain energy density in Mindlin’s SGT, however, also incorporates the third-order strain gradient
tensor ξ. Therefore, the strain energy density W has the most general form [40,77]:

W(ε,ξ) =
1
2

λεiiε jj + μεijεij + a1ξikkξijj + a2ξkjjξiik + a3ξ jjkξiik + a4ξijkξijk + a5ξkjiξijk (9)

in which ai (i = 1, 2, . . . , 5) are additional constants which can accommodate the small-scale effect of
micro/nanostructures, and λ is Lame’s first parameter defined as [78,79]:

λ =
Eν

(1 + ν)(1 − 2ν)
(10)
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In Equation (9), the third-order strain gradient tensor ξ and infinitesimal strain tensor ε are
defined as [40]:

ε = 1
2

(
∇u + (∇u)T

)
, εij = ε ji =

1
2
(
ui,j + uj,i

)
(11)

ξ = ∇ε, ξijk = ξikj = ε jk,i =
1
2

(
uj,k + uk,j

)
,i

(12)

in which u represents the displacement vector and ∇ is gradient operator.
The double stress tensor τijk and Cauchy stress tensor σij are written as [80]:

σij = σji =
∂W
∂εij

= λ εkk δij + 2μ εij (13)

τijk = τikj =
∂W
∂ξijk

= a1
2

(
ξ jppδik + 2ξppiδjk + ξkppδij

)
+ 2a2ξippδjk + a3

(
ξppjδik + ξppkδij

)
+2a4ξijk + a5

(
ξkji + ξ jki

) (14)

where δij represent the Kronecker delta.

3.2. Constitutive Relations and Strain Energy

The displacement field for the FG NPMF cylindrical nanoshell according to the FSD shell theory
can be defined as [81–85]:⎧⎪⎨

⎪⎩
ux(x, y, z, t)
uy(x, y, z, t)
uz(x, y, z, t)

⎫⎪⎬
⎪⎭ =

⎧⎪⎨
⎪⎩

u(x, y, t)
v(x, y, t)
w(x, y, t)

⎫⎪⎬
⎪⎭+ z

⎧⎪⎨
⎪⎩

ψx(x, y, t)
ψy(x, y, t)

0

⎫⎪⎬
⎪⎭ (15)

In Equation (15), ux, uy, and uz stand for the displacements of any point in the nanoshell along the
x, y, and z directions, respectively; u, v, and w denote displacement components of a point at the middle
surface; ψx and ψy are the rotations of the transverse normals about the y and x axes, respectively; and
t denotes time.

The nonzero constituents of strain tensor ε are given by: [86,87]

⎧⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎩

εxx = φ0 + zφ1,
εyy = ϕ0 + zϕ1,
εxy = εyx = (k0 + zk1)/2,
εyz = εzy = γ2/2,
εxz = εzx = γ1/2.

(16)

where φ0, ϕ0, and k0 are the middle surface strains, φ1, ϕ1, and k1 are changes in the curvature and
torsion of the middle surface, and γ1 and γ2 are the transverse shear strains. They are given by:

⎧⎨
⎩ φ0 = ∂u

∂x , φ1 = ∂ψx
∂x , ϕ0 = w

R + ∂v
∂y , ϕ1 =

∂ψy
∂y , k0 = ∂v

∂x + ∂u
∂y ,

k1 =
∂ψy
∂x + ∂ψx

∂y , γ1 = ∂w
∂x + ψx, γ2 = ψy − v

R + ∂w
∂y .

(17)

According to Equation (12), the following nonzero constituents of strain gradient tensor ξ are
obtained: ⎧⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

ξxxx = ∂φ0
∂x + z ∂φ1

∂x , ξyyy = ∂ϕ0
∂y + z ∂ϕ1

∂y , ξxyy = ∂ϕ0
∂x + z ∂ϕ1

∂x ,

ξzyy = ϕ1, ξyxx = ∂φ0
∂y + z ∂φ1

∂y , ξxxy = ξxyx = 1
2

(
∂k0
∂x + z ∂k1

∂x

)
, ξzxx = φ1,

ξyxy = ξyyx = 1
2

(
∂k0
∂y + z ∂k1

∂y

)
, ξzxy = ξzyx = k1

2 , ξxxz = ξxzx = 1
2

∂γ1
∂x ,

ξyxz = ξyzx = 1
2

∂γ1
∂y , ξxyz = ξxzy = 1

2
∂γ2
∂x , ξyyz = ξyzy = 1

2
∂γ2
∂y .

(18)
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By inserting Equations (16) and (18) into Equations (13) and (14), one can get the nonzero
constituents of σ and τ as follows:⎧⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

σxx = (λ + 2μ)(φ0 + zφ1) + λ(ϕ0 + zϕ1),
σyy = (λ + 2μ)(ϕ0 + zϕ1) + λ(φ0 + zφ1),
σxy = σyx = μ(k0 + zk1),
σxz = σzx = μγ1,
σyz = σzy = μγ2.

(19)

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

τxxx = β1ξxxx + β2ξxyy + β3ξyxy,
τyxx = β2ξyyy + β5ξyxx + β4ξxxy,
τzxx = β5ξzxx + β4ξxxz + a1ξyyz + 2a2ξzyy,
τxyy = β4ξyxy + β2ξxxx + β5ξxyy,
τyyy = β2ξyxx + β3ξxxy + β1ξyyy,
τzyy = a1ξxxz + 2a2ξzxx + β5ξzyy + β4ξyyz,
τyzz = a1ξxxy + 2a2ξyxx + β2ξyyy,
τxxy = τxyx = β3

2 ξyyy + β6ξxxy +
β4
2 ξyxx,

τyxy = τyyx = β4
2 ξxyy +

β3
2 ξxxx + β6ξyxy,

τzxy = τzyx = 2a4ξzxy + a5
(
ξxyz + ξyxz

)
,

τxxz = τxzx = a1
2 ξzyy + a3ξyyz + β6ξxxz +

β4
2 ξzxx,

τyxz = τyzx = 2a4ξyxz + a5
(
ξxyz + ξzxy

)
,

τxyz = τxzy = 2a4ξxyz + a5
(
ξyxz + ξzxy

)
,

τyyz = τyzy = a1
2 ξzxx + a3ξxxz + β6ξyyz +

β4
2 ξzyy.

(20)

in which ⎧⎪⎨
⎪⎩

β1 = 2(a1 + a2 + a3 + a4 + a5), β2 = a1 + 2a2,
β3 = a1 + 2a3, β4 = a1 + 2a5,
β5 = 2(a2 + a4), β6 = a3 + 2a4 + a5.

(21)

Based on the general SGT, the stored strain energy, ΠS, in a linear elastic material occupying
volume V can be given by [77]:

ΠS =
1
2

∫
V

(
σijεij + τijkξijk

)
dV (22)

If the strain energy is symbolized by classical part ΠC and non-classical part ΠNC, the total strain
energy is expressed as:

ΠS = ΠNC + ΠC (23)

in which,

ΠC =
1
2

∫
A

(
Nxxφ0 + Mxxφ1 + Nxyk0 + Mxyk1 + Nyy ϕ0 + Myy ϕ1 + Qxγ1 + Qyγ2

)
dA (24)

ΠNC = 1
2

∫
A

(
Txxx

∂φ0
∂x + Mxxx

∂φ1
∂x + Tyxx

∂φ0
∂y + Myxx

∂φ1
∂y + Tzxxφ1

+Txyy
∂ϕ0
∂x + Mxyy

∂ϕ1
∂x + Tyyy

∂ϕ0
∂y + Myyy

∂ϕ1
∂y

+Tzyy ϕ1 + Txxy
∂k0
∂x + Mxxy

∂k1
∂x + Tyyx

∂k0
∂y

+Myyx
∂k1
∂y + Tzxyk1 + Txxz

∂γ1
∂x + Tyxz

∂γ1
∂y

+Txyz
∂γ2
∂x +Tyyz

∂γ2
∂y

)
dA

(25)
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In Equations (24) and (25), the non-classical and classical resultant moments and forces are
expressed as follows:

Nij =
∫ h

2
− h

2
σijdz, Mij =

∫ h
2
− h

2
σijzdz, Qi = KS

∫ h
2
− h

2
σizdz,

Tijk =
∫ h

2
− h

2
τijkdz, Mijk =

∫ h
2
− h

2
τijkzdz.

(26)

where KS = 5/6 denotes the shear correction factor [88–91]; the non-classical and classical resultant
moments and forces are given in Appendix A in detail.

3.3. Kinetic Energy and External Work

According to the FSD shell theory, the kinetic energy of the FG NPMF nanoshell, ΠT , is written as:

ΠT = 1
2

∫
A

∫ h
2
− h

2
ρ(z)

[(
∂u
∂t + z ∂ψx

∂t

)2
+

(
∂v
∂t + z ∂ψy

∂t

)2
+

(
∂w
∂t

)2
]

dzdA

= 1
2

∫
A

[
I0

(
∂u
∂t

)2
+ 2I1

(
∂u
∂t

)(
∂ψx
∂t

)
+ I0

(
∂v
∂t

)2
+ I0

(
∂w
∂t

)2

+2I1

(
∂v
∂t

)(
∂ψy
∂t

)
+ I2

(
∂ψx
∂t

)2
+I2

(
∂ψy
∂t

)2
]

dA

(27)

in which

I0 =
∫ h

2
− h

2
ρ(z)dz, I1 =

∫ h
2
− h

2
ρ(z)zdz, I2 =

∫ h
2

− h
2

ρ(z)z2dz. (28)

Furthermore, the work ΠP carried out by axial loads N0
xx can be written as:

Πp =
1
2

∫
A

[
N0

xx

(
∂w
∂x

)2
]

dA (29)

3.4. Variational Formulation

Using Hamilton’s principle,

δ

t∫
0

(ΠT − ΠS − ΠP)dt = 0 (30)

Inserting Equations (23), (27) and (29) into Equation (30) yields the following governing equations:

δu :
∂Nxx

∂x
+

∂Nxy

∂y
= I0

∂2u
∂t2 + I1

∂2ψx

∂t2 (31)

δv :
∂Nxy

∂x
+

∂Nyy

∂y
+

Qy

R
= I0

∂2v
∂t2 + I1

∂2ψy

∂t2 (32)

δw :
∂Qx
∂x

+
∂Qy

∂y
− Nyy

R
+ N0

xx
∂2w
∂x2 = I0

∂2w
∂t2 (33)

δψx :
∂Mxx

∂x
+

∂Mxy

∂y
− Qx = I2

∂2ψx

∂t2 + I1
∂2u
∂t2 (34)

δψy :
∂Mxy

∂x
+

∂Myy

∂y
− Qy = I2

∂2ψy

∂t2 + I1
∂2v
∂t2 (35)
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where, ⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

Nxx = Nxx − ∂Tyxx
∂y − ∂Txxx

∂x ,

Nxy = Nxy − ∂Tyyx
∂y − ∂Txxy

∂x ,

Nyy = Nyy − ∂Tyyy
∂y − ∂Txyy

∂x − Tyyz
R ,

Mxx = Mxx + Tzxx − ∂Myxx
∂y − ∂Mxxx

∂x ,

Myy = Myy + Tzyy − ∂Myyy
∂y − ∂Mxyy

∂x ,

Mxy = Mxy + Tzxy − ∂Myyx
∂y − ∂Mxxy

∂x ,

Qx = Qx − ∂Tyxz
∂y − ∂Txxz

∂x ,

Qy = Qy − ∂Tyyz
∂y − ∂Txyz

∂x .

(36)

Simultaneously, boundary conditions are derived as:

δu = 0 or
(

Nxx
)
nx +

(
Nxy

)
ny = 0,

δu,x = 0 or (Txxx)nx +
(
Tyxx

)
ny = 0,

δu,y = 0 or
(
Txxy

)
nx +

(
Tyyx

)
ny = 0.

(37)

δv = 0 or
(

Nxy − Txyz
R

)
nx +

(
Nyy − Tyyz

R

)
ny = 0,

δv,x = 0 or
(
Txxy

)
nx +

(
Tyyx

)
ny = 0,

δv,y = 0 or
(
Txyy

)
nx +

(
Tyyy

)
ny = 0.

(38)

δw = 0 or
(

Qx +
Txyy

R

)
nx +

(
Qy +

Tyyy
R

)
ny = 0,

δw,x = 0 or (Txxz)nx +
(
Tyxz

)
ny = 0,

δw,y = 0 or
(
Txyz

)
nx +

(
Tyyz

)
ny = 0.

(39)

δψx = 0 or
(

Mxx + Txxz
)
nx +

(
Mxy + Tyxz

)
ny = 0,

δψx,x = 0 or (Mxxx)nx +
(

Myxx
)
ny = 0,

δψx,y = 0 or
(

Mxxy
)
nx +

(
Myyx

)
ny = 0.

(40)

δψy = 0 or
(

Mxy + Txyz
)
nx +

(
Myy + Tyyz

)
ny = 0,

δψy,x = 0 or
(

Mxxy
)
nx +

(
Myyx

)
ny = 0,

δψy,y = 0 or
(

Mxyy
)
nx +

(
Myyy

)
ny = 0.

(41)

where nx as well as ny indicate the direction cosines of the outward unit normal to the boundary of
the mid-plane.

Substituting Equation (36) into Equations (31)–(35) and considering Equation (17) and Appendix A,
it yields the governing equations in terms of u, v, w, ψx, and ψy:

A11
∂2u
∂x2 + A55

(
∂2u
∂y2 + ∂2v

∂x∂y

)
− E1

∂4u
∂x4 − E6

2
∂4u
∂y4

−
(

E3 + E4 + E5 +
E6
2

)
∂4u

∂y2∂x2 − (2E2+E3+E4+E6)
2

(
∂4v

∂y∂x3 +
∂4v

∂y3∂x

)
+(A12 + A55)

∂2v
∂y∂x + A12

R
∂w
∂x − 2E2+E3+E4

2R
∂3w

∂y2∂x

− E2
R

∂3w
∂x3 + B11

∂2ψx
∂x2 + B55

∂2ψx
∂y2 −

(
F3 + F4 + F5 +

F6
2

)
∂4ψx

∂y2∂x2 − F1
∂4ψx
∂x4

− F6
2

∂4ψx
∂y4 − 2F2+F3+F4+F6

2

(
∂4ψy
∂y∂x3 +

∂4ψy
∂y3∂x

)
+(B12 + B55)

∂2ψy
∂y∂x = I0

∂2u
∂t2 + I1

∂2ψx
∂t2

(42)

40
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− 2E2+E3+E4+E6
2

(
∂4u

∂y∂x3 +
∂4u

∂y3∂x

)
+ (A12 + A55)

∂2u
∂y∂x

−
(

E3 + E4 + E5 +
E6
2

)
∂4v

∂y2∂x2 − E6
2

∂4v
∂x4 − E1

∂4v
∂y4 + A55

∂2v
∂x2 + A11

∂2v
∂y2 − KS A55

R2 v

+ 1
R (A11 + KS A55)

∂w
∂y − 1

R

(
E3+E4+2E5

2 + A3 + A4 +
A5
2

)
∂3w

∂y∂x2

+ E1+E6
R

∂3w
∂y3 −

[
1

2R (2A1 + 2A3 + 2A5) + B12 + B55

]
∂2ψx
∂y∂x

− 2F2+F3+F4+F6
2

(
∂4ψx
∂y3∂x + ∂4ψx

∂y∂x3

)
+

[
B55 +

1
2R (2A4 + A5)

]
∂2ψy
∂x2

+
(

B11 − E4+E6
R

)
∂2ψy
∂y2 − F1

∂4ψy
∂y4 − F6

2
∂4ψy
∂x4

−
(

F3 + F4 + F5 +
F6
2

)
∂4ψy

∂y2∂x2 +
KS A55

R ψy = I0
∂2v
∂t2 + I1

∂2ψy
∂t2

(43)

− A12
R

∂u
∂x − 1

2R (2E2 + E3 + E4)
∂3u

∂y2∂x + E2
2R

∂3u
∂x3

− 1
R

(
A11 + KS A55 +

E6
2R2

)
∂v
∂y + 1

R

(
E3+E4+2E5

2 + A3+2A4+A5
2

)
∂3v

∂y∂x2

+ 1
R

(
2E1+E6

2

)
∂3v
∂y3 − (A3 + 2A4 + A5)

∂4w
∂y2∂x2

− E6
2

(
∂4w
∂x4 + ∂4w

∂y4

)
+

(
A55KS +

2E5+A3
2R2

)
∂2w
∂x2

+
(

A55KS +
2E1+E6

R2

)
∂2w
∂y2 − A11

R2 w −
(

A1−A3−2A4−3A5
2

)
∂3ψx
∂y2∂x

−
(

E4+E6
2 − F2

R

)
∂3ψx
∂x3 +

(
KS A55 − B12

R + A1+A3
R2

)
∂ψx
∂x

−
(

A1+A3+2A4+3A5
2 + F3+F4+2F5

R

)
∂3ψy
∂y∂x2 −

(
E4+E6

2 + −2F1
R

)
∂3ψy
∂y3

+
(

KS A55 − B11
R + E4+E6

2R2

)
∂ψy
∂y + N0

xx
∂2w
∂x2 = I0

∂2w
∂t2

(44)

B11
∂2u
∂x2 + B55

∂2u
∂y2 −

(
F3 + F4 + F5 +

F6
2

)
∂4u

∂y2∂x2

−F1
∂4u
∂x4 − F6

2
∂4u
∂y4 +

[
B12 + B55 − 1

2R (A1 + A3 + 2A5)
]

∂2v
∂y∂x

− 2F2+F3+F4+F6
2

(
∂4v

∂y3∂x + ∂4v
∂y∂x3

)
−

(
KS A55 − B12

R

)
∂w
∂x

+
(

A1+A3+2A4+3A5
2

)
∂3w

∂y2∂x +
(

E4+E6
2 − F2

R

)
∂3w
∂x3

−G1
∂4ψx
∂x4 − G6

2
∂4ψx
∂y4 − (G3 + G4 + G5 + G6)

∂4ψx
∂y2∂x2

+
(

D11 + E4 + E5 +
E6
2

)
∂2ψx
∂x2 + (D55 + 2A4 + A5)

∂2ψx
∂y2

−A55KSψx − G2+G3+G4+G6
2

(
∂4ψy
∂y∂x3 +

∂4ψy
∂y3∂x

)
+
(

D12 + D55 + A1 + 2A2 +
A3
2 + A4 +

A5
2

)
∂2ψy
∂y∂x = I2

∂2ψx
∂t2 + I1

∂2u
∂t2

(45)

(B12 + B55)
∂2u

∂y∂x − 2F2+F3+F4+F6
2

(
∂4u

∂y∂x3 +
∂4u

∂y3∂x

)
+
[

B55 +
1

2R (−2A4 − A5)
]

∂2v
∂x2 +

(
B11 − E4+E6

2R

)
∂2v
∂y2

−F1
∂4v
∂y4 − F6

2
∂4v
∂x4 −

(
F3 + F4 + F5 +

F6
2

)
∂4v

∂y2∂x2 +
KS A55

R v

+
(

A1+A3+2A4−3A5−F3−F4−2F5
2

)
∂3w

∂y∂x2 +
(

E4+E6
2 − F1

R

)
∂3w
∂y3

−
(

KS A55 − B11
R

)
∂w
∂y − 2G2+G3+G4+G6

2

(
∂4ψx
∂y∂x3 +

∂4ψx
∂y3∂x

)
− G6

2
∂4ψy
∂x4 − G1

∂4ψy
∂y4

−
(

G3 + G4 + G5 +
G6
2

)
∂4ψy

∂y2∂x2 + (D55 + 2A4 + A5)
∂2ψy
∂x2 +

(
D11 + E4 + E5 +

E6
2

)
∂2ψy
∂y2

+
(

D12 + D55 + A1 + 2A2 +
A3
2 + A4 +

3A5
2

)
∂2ψx
∂y∂x − KS A55ψy = I2

∂2ψy
∂t2 + I1

∂2v
∂t2

(46)

in which Aij, Bij, Dij, Ai, Bi, Ei, Fi, and Gi (i, j = 1, 2, . . . , 6) are given in Appendix B.
It is worth mentioning that the present general strain gradient nanoshell model can reduce to

those of MCST, MSGT, and CT. The MSGT model can be achieved if ai (i = 1, 2, . . . , 5) are defined by
three material length scale parameters as follows:

a1 = μ
(

l2
2 − 4

15 l2
1

)
, a2 = μ

(
l2
0 − 1

15 l2
1 − 1

2 l2
2

)
,

a3 = −μ
(

4
15 l2

1 +
1
2 l2

2

)
, a4 = μ

(
1
3 l2

1 + l2
2

)
, a5 = μ

( 2
3 l2

1 − l2
2
)
.

(47)
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where l0, l1, and l2 are material length scale parameters corresponding to dilatation gradients, deviatoric
stretch gradients and symmetric rotation gradients, respectively. In the following discussion, we
assume that all the material length scale parameters are the same, namely, l0 = l1 = l2 = l. In addition,
by setting a1 = a2 = a3 = a4 = a5 = 0, the present nanoshell model can be simplified to the CT-based
model. Moreover, the MCST model [51] can be achieved if ai (i = 1, 2, . . . , 5) are set as:

a1 = a4 = −2a2 = −2a3 = −a5 = μl2 (48)

4. Closed-Form Solution

Herein, we employ the Navier solution technique to analyze the free vibration and axial buckling
behaviors of an FG NPMF cylindrical nanoshell. Navier’s method can obtain an analytical solution by
introducing the double trigonometric series. Note that this method is only applicable to the simply
supported boundary condition. For the other boundary conditions which are different from the
simply supported boundary condition, other numerical methods such as the finite element method,
differential quadrature method, finite difference method, meshless method, and wavelet method can
be used. As an example, the boundary condition of the FG NPMF nanoshell considered in our study is
simply supported at edges x = 0 as well as x = L, so one obtains:

⎧⎪⎨
⎪⎩

v = w = ψy = Nxx = 0,
∂ψy
∂y = ∂ψx

∂x = ∂w
∂y = ∂v

∂y = ∂u
∂x = 0,

Txxy = Txxz = Mxxy = Mxx + Txxz = 0.

(49)

The Navier procedure is used by assuming the displacements as follows:

⎧⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎩

u(x, y, t)
v(x, y, t)
w(x, y, t)
ψx(x, y, t)
ψy(x, y, t)

⎫⎪⎪⎪⎪⎪⎬
⎪⎪⎪⎪⎪⎭

=
∞

∑
n=1

∞

∑
m=1

⎧⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎩

umn(t) cos(αmx) sin
( ny

R
)

vmn(t) sin(αmx) cos
( ny

R
)

wmn(t) sin(αmx) sin
( ny

R
)

ψxmn(t) cos(αmx) sin
( ny

R
)

ψymn(t) sin(αmx) cos
( ny

R
)

⎫⎪⎪⎪⎪⎪⎬
⎪⎪⎪⎪⎪⎭

(50)

in which αm = mπ/L, n is the circumferential wave number, and m is the axial half-wave number.
Inserting Equation (50) into Equations (42)–(46) and then eliminating the trigonometric functions,
the equations can be re-represented in the matrix form as:

M
¨
d +

(
K + N0

xxKg

)
d = 0 (51)

where the displacement vector d, mass matrix M, geometric stiffness matrix Kg, and stiffness matrix
K are:

d = [umn, vmn, wmn, ψxmn, ψymn]
T (52)

K =

⎡
⎢⎢⎢⎢⎢⎣

K11

K21

K12

K22

K13

K23

K14 K15

K24 K25

K31 K32 K33 K34 K35

K41 K42 K43 K44 K45

K51 K52 K53 K54 K55

⎤
⎥⎥⎥⎥⎥⎦ (53)

M =

⎡
⎢⎢⎢⎢⎢⎣

M11

0
0

M22

0
0

M14

0
0 0 M33 0

M41 0 0 M44

0 M52 0 0

0
M25

0
0

M55

⎤
⎥⎥⎥⎥⎥⎦ (54)
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Kg =

⎡
⎢⎢⎢⎢⎢⎣

0
0

0
0

0
0

0
0

0 0 Kg33 0
0 0 0 0
0 0 0 0

0
0
0
0
0

⎤
⎥⎥⎥⎥⎥⎦ (55)

in which the elements in these matrices are given in Appendix C.
If the dynamic displacement is considered, the form of the displacement vector d can be written as

d = d*eiωt. Once we ignore N0
xx, the eigenvalue problem of free vibrating nanoshells can be obtained as:

(
K − ω2M

)
d∗ = 0 (56)

where ω represents the natural frequency of the FG NPMF nanoshell. The non-trivial solution requires
vanishing of the determinant of the coefficient matrix in Equation (56) [92–98].

Buckling loads of the FG NPMF nanoshell can be obtained by neglecting the inertia term in
Equation (51). Letting N0

xx= −F, one can get:

(
K − FKg

)
d = 0 (57)

where F denotes the buckling load. For different combinations of m and n, there exists a minimum
value which satisfies Equation (57). This minimum value is termed as the critical buckling load Fcr.

5. Validation

Some comparative studies are first undertaken to prove the reliability of the present analysis.

5.1. Example 1: Homogeneous Cylindrical Nanoshell Based on the MSGT

In Table 1, the present results for a homogeneous simply supported cylindrical nanoshell are
compared with those obtained by Zhang et al. [99]. The parameters used are: E = 1.06TPa, ν = 0.3,
ρ = 2300 kg/m3, R = 2.32 nm, and L/R = 5. The frequency parameter ω = ωR

√
ρ/E of the nanoshell

is obtained based on the MSGT. One can see that the results from the current study coincide with those
reported in Reference [99].

Table 1. Comparison of dimensionless natural frequency ω for a homogeneous nanoscale
cylindrical shell.

(m,n) h/R
l = 0 l = h

Zhang et al. [99] Present Error (%) Zhang et al. [99] Present Error (%)

(1, 1) 0.02 0.19536 0.19536 0.00 0.19595 0.19561 0.10
0.05 0.19542 0.19542 0.00 0.19908 0.19694 0.20
0.1 0.19561 0.19564 0.01 0.20386 0.20148 1.17

(2, 2) 0.02 0.25285 0.25271 0.05 0.27108 0.27004 0.30
0.05 0.25969 0.25885 0.30 0.35606 0.34641 0.96
0.1 0.28080 0.27931 0.50 0.50626 0.50145 0.90

(3, 3) 0.02 0.27627 0.27580 0.16 0.37783 0.37382 1.39
0.05 0.31667 0.31413 0.80 0.71543 0.69918 2.27
0.1 0.40671 0.41916 2.97 1.08810 1.07892 0.84

5.2. Example 2: Homogeneous Cylindrical Nanoshells Based on the MCST

In Table 2, the comparison study is conducted for natural frequency Ω = ωR
√

ρ/E of a
homogeneous nanoscale cylindrical shell with a simply supported boundary condition by using
the MCST. The adopted material properties are: E = 1.06 TPa, ν = 0.3, ρ = 2300 kg/m3. It is observed
that the obtained results have a reasonable accordance with those reported [100].

43



Nanomaterials 2019, 9, 271

Table 2. Comparison of dimensionless natural frequency Ω for a homogeneous cylindrical nanoshell
(R = 2.32 nm and L/R = 5).

h/R (m, n)
l = 0 l = h

Ghadiri et al. [100] Present Error (%) Ghadiri et al. [100] Present Error (%)

0.02 m = n = 1 0.19536215 0.19536215 0.00 0.19543206 0.19548050 0.01
m = n = 2 0.25271274 0.25271274 0.00 0.25731258 0.25785715 0.09
m = n = 3 0.27580092 0.27580092 0.00 0.30621690 0.30717244 0.10

0.05 m = n = 1 0.19542305 0.19542305 0.00 0.19585782 0.19618570 0.16
m = n = 2 0.25884786 0.25884786 0.00 0.28543902 0.28780026 0.80
m = n = 3 0.31407326 0.31407326 0.00 0.45457555 0.46000081 1.10

5.3. Example 3: FG Cylindrical Shell

Herein, a comparison study is conducted for a simply supported FG cylindrical shell without
considering the size effect, as given in Table 3. The FG shell is made of the mixture of Stainless Steel
(SS) and Nickel (Ni) with the following material parameters: ESS = 207.788 GPa, ρSS = 8166 kg/m3 and
νSS = 0.317756 for SS, and ENi = 205.098 GPa, ρNi = 8900 kg/m3 and νNI = 0.31 for Ni. Our study yields
an excellent agreement with Reference [101], bespeaking the correctness of the current research.

Table 3. Comparison of natural frequencies (Hz) for a simply supported FG cylindrical shell (n = 1,
R = 1 m and L/R = 20).

h/R N
Loy et al. [101] Present

m = 1 m = 2 m = 3 m = 1 m = 2 m = 3

0.002 0 13.548 4.5920 4.2633 13.548 4.5920 4.2633
0.5 13.321 4.5168 4.1911 13.321 4.5168 4.1911
1 13.211 4.4800 4.1569 13.211 4.4800 4.1569
2 13.103 4.4435 4.1235 13.103 4.4434 4.1234
5 12.998 4.4068 4.0891 12.998 4.4068 4.0891

0.05 0 13.572 33.296 93.001 13.572 33.242 92.634
0.5 13.345 32.702 91.319 13.345 32.645 90.943
1 13.235 32.430 90.553 13.235 32.370 90.172
2 13.127 32.170 89.828 13.127 32.111 89.451
5 13.021 31.910 89.109 13.021 31.854 88.743

6. Results and Discussion

In this section, size-dependent free vibration and axial buckling of an FG NPMF nanoshell simply
supported at both ends are studied. The material properties of the nanoshell are E∗

1 = 200 GPa,
ρ∗1 = 7850 kg/m3, and ν = 1/3. The dimensionless natural frequency is defined as Ω = ωR

√
ρ∗1/E∗

1
and the dimensionless buckling load is F= F/A110, where A110 is the specific value of A11 for the
homogeneous nanoshell made of solid metal.

6.1. Free Vibration Analysis

Table 4 shows the variation of dimensionless natural frequency with the circumferential wave
number for various length scale parameters. It is found that by increasing the dimensionless length
scale parameter, the natural frequencies of the system decrease. Moreover, the fundamental natural
frequency occurs at n = 2, independent of the length scale parameter. In the following studies, the mode
(1, 2) is chosen as a representative mode.

Table 4. Effect of length scale parameter on dimensionless natural frequencies Ω based on the MSGT
(nanoporosity-1, m = 1, h = 10 nm, R = 20h, L/R = 4, e0 = 0.5).

h/l = 1 h/l = 1.5 h/l = 2 h/l = 3 h/l = 4 h/l = 5 h/l = 10

n = 1 0.25824 0.25723 0.25687 0.25662 0.25653 0.25649 0.25643
n = 2 0.20493 0.16730 0.15125 0.13840 0.13356 0.13125 0.12809
n = 3 0.42938 0.31512 0.25919 0.20833 0.18683 0.17591 0.16009
n = 4 0.76650 0.56684 0.46542 0.37079 0.32994 0.30894 0.27818
n = 5 1.17537 0.88269 0.72927 0.58336 0.51961 0.48665 0.43816
n = 6 1.64107 1.25206 1.04209 0.83851 0.74844 0.70162 0.63245
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The dimensionless natural frequency versus nanoporosity coefficient for different theories and
nanoporosity distributions is illustrated in Figure 4. Results show that the natural frequency decreases
by increasing the nanoporosity coefficient, indicating that the nano-pores decrease the effective stiffness
of the nanoshell. Furthermore, the nanoporosity-2 nanoshell has a lower natural frequency than its
nanoporosity-1 counterpart. It is observed that the natural frequencies predicted by the MCST and
MSGT are greater than the natural frequency predicted by the CT. In other words, the additional length
scale parameter makes the FG NPMF nanoshell stiffer. This is due to the extra stiffness introduced in
the MCST and MSGT.

 

Ω

e

Figure 4. Dimensionless natural frequency versus nanoporosity coefficient with different theories and
nanoporosity distributions (m = 1, n = 2, h = 10 nm, R = 20 h, h = 2l, L = 4R).

Depicted in Figure 5 is the variation of the dimensionless natural frequency against the
dimensionless length scale parameter. It is seen that the size effect on natural frequency is more
pronounced when the thickness of the nanoshell is comparable to the length scale parameter.
The dimensionless natural frequencies from the MCST and MSGT converge to the results from the CT
for a large value of the dimensionless length scale parameter, indicating that the larger dimensionless
length scale parameter diminishes the size effect on the natural frequency of the FG NPMF nanoshell.

Ω

h l

Figure 5. Dimensionless natural frequency versus dimensionless length scale parameter with different
theories and nanoporosity distributions (m = 1, n = 2, h = 10 nm, R = 20 h, L = 4R, e0 = 0.5).
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Figure 6 plots the dimensionless natural frequency versus length-to-radius ratio with different
theories and nanoporosity distributions. One can see that as the length-to-radius ratio increases,
the dimensionless natural frequency decreases gradually. Compared to the MCST, the MSGT leads to
more reasonable results due to the introduction of an additional deviatoric stretch gradient tensor and
the dilatation gradient tensor in addition to the symmetric rotation gradient tensor.

 

Ω

L R

Figure 6. Dimensionless natural frequency versus length-to-radius ratio with different theories and
nanoporosity distributions (m = 1, n = 2, h = 10 nm, R = 20 h, h = 2l, e0 = 0.5).

Figure 7 illustrates the effect of the thickness-to-radius ratio on the dimensionless natural
frequency of the FG NPMF nanoshell. As expected, the natural frequency of the FG NPMF nanoshell
increases with the rise of thickness-to-radius. This is because the larger thickness-to-radius ratio results
in the enhancement of the nanoshell stiffness. Moreover, the difference among the results obtained
from the MCST, MSGT, and CT becomes more and more notable as the ratio of thickness-to-radius
increases, indicating that the size effect is more significant at the larger thickness-to-radius ratio.

Ω

h R

Figure 7. Dimensionless natural frequency versus thickness-to-radius ratio with different theories and
nanoporosity distributions (m = 1, n = 2, h = 10 nm, L = 4R, h = 2l, e0 = 0.5).
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6.2. Buckling Analysis

The effect of the length scale parameter on the dimensionless buckling load is shown in Table 5.
It is revealed that by increasing the dimensionless length scale parameter, the buckling load of the
system decreases. Additionally, with the increase of circumferential wave number, the buckling load
first decreases and then increases. It is noted that the critical buckling load occurs at n = 2.

Table 5. Effect of the length scale parameter on dimensionless buckling load F based on the MSGT
(nanoporosity-1, m = 1, h = 10 nm, R = 20h, L/R = 4, e0 = 0.5).

h/l = 1 h/l = 1.5 h/l = 2 h/l = 3 h/l = 4 h/l = 5 h/l = 10

n = 1 0.12274 0.12167 0.12129 0.12101 0.12092 0.12087 0.12081
n = 2 0.04801 0.03188 0.02603 0.02177 0.02027 0.01957 0.01864
n = 3 0.18358 0.09853 0.06657 0.04297 0.03455 0.03062 0.02536
n = 4 0.55614 0.30326 0.20422 0.12951 0.10252 0.08987 0.07285
n = 5 1.27769 0.71906 0.49043 0.31364 0.24878 0.21820 0.17686
n = 6 2.45989 1.43011 0.99029 0.64101 0.51065 0.44875 0.36462

Figure 8 plots the dimensionless critical buckling load versus nanoporosity coefficient for both
nanoporosity distributions based on the MCST, MSGT, and CT. As can be observed, the larger nanoporosity
coefficient results in a lower dimensionless critical buckling load. Moreover, the nanoporosity-1 nanoshell
has a higher critical buckling load than its nanoporosity-2 counterpart. The difference between them
tends to be significant with the increase of the nanoporosity coefficient. Furthermore, compared to the
MCST, the MSGT leads to a more reasonable buckling load due to the introduction of an additional
deviatoric stretch gradient tensor and dilatation gradient tensor in addition to the symmetric rotation
gradient tensor.

⎯F

e

Figure 8. Dimensionless critical buckling load versus nanoporosity coefficient (m = 1, n = 2, h = 10 nm,
R = 20 h, L = 4R, h = 2l).

Figure 9 compares the variation of the dimensionless critical buckling load with the dimensionless
length scale parameter based on classical and non-classical shell models. It is noted that the critical
buckling load decreases with the increasing dimensionless length scale parameter. In addition,
the difference among the results from the three models (MCST, MSGT, and CT) is diminishing when
the dimensionless length scale parameter tends to large, indicating that the size effect is only significant
when the thickness of the nanoshell is comparable to the length scale parameter. This phenomenon
was also found in microplates and microbeams [41,47,102].
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⎯F

h l

Figure 9. Dimensionless critical buckling load versus dimensionless length scale parameter (m = 1,
n = 2, h = 10 nm, R = 20 h, L = 4R, e0 = 0.5).

Depicted in Figure 10 is the variation of the dimensionless buckling load with the length-to-radius
ratio for both kinds of nanoporosity distribution. It can be seen that with the increase of the
length-to-radius ratio, the dimensionless buckling load first decreases and then increases. Moreover,
the dimensionless buckling load obtained through the MSGT is greater than those predicted via the CT
and MCST. The difference between the results obtained by the MCST, MSGT, and CT becomes more
and more significant as the length-to-radius ratio rises.

⎯F

L R

Figure 10. Dimensionless buckling load versus length-to-radius ratio (m = 1, n = 2, h = 10 nm, R = 20 h,
h = 2l, e0 = 0.5).

Figure 11 plots the dimensionless buckling load with respect to the thickness-to-radius ratio for
both kinds of nanoporosity distribution. As can be seen, the increase in the thickness-to-radius ratio
contributes to the higher buckling load of the FG NPMF nanoshell. This is due to the fact that the
larger thickness-to-radius ratio enhances the stiffness of the FG NPMF nanoshell.
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Figure 11. Dimensionless buckling load versus thickness-to-radius ratio (m = 1, n = 2, h = 10 nm, L = 4R,
h = 2l, e0 = 0.5).

7. Conclusions

In this paper, size-dependent free vibration and buckling of FG NPMF cylindrical nanoshells
are investigated based upon the FSD shell theory and general SGT. The symmetric and unsymmetric
nanoporosity distributions are considered for the structural composition. Governing equations, as well
as corresponding boundary conditions, are derived via Hamilton’s principle. Moreover, the Navier
solution technique is employed to derive the analytical solutions for FG NPMF nanoshells with a
simply supported boundary condition. The conclusions can be summarized as follows:

(1) Nanoporosity distribution has a significant influence on the vibration and buckling characteristics
of FG NPMF nanoshells. Natural frequencies and buckling loads of the nanoporosity-2 nanoshell
are lower than those of the nanoporosity-1 nanoshell. As the nanoporosity coefficient increases,
natural frequencies and buckling loads of the nanoshell decrease.

(2) Natural frequencies of the FG NPMF nanoshells decrease with the increasing length-to-radius
ratio. Additionally, the larger thickness-to-radius ratio leads to the higher natural frequency of
the FG NPMF nanoshell.

(3) Buckling loads decrease first and then increase with the increase of the length-to-radius
ratio. Furthermore, buckling loads increase with the increasing thickness-to-radius ratio of
the nanoshell.

(4) When the nanoshell thickness is approximately equal to the length scale parameter, the MSGT
is more appropriate than the CT and MCST for free vibration and buckling analysis of FG
NPMF nanoshells.

Author Contributions: Conceptualization, Y.Z. and F.Z.; Methodology, F.Z.; Software, F.Z.; Validation, F.Z.;
Formal Analysis, F.Z.; Investigation, F.Z.; Resources, Y.Z.; Data Curation, F.Z.; Writing-Original Draft Preparation,
F.Z.; Writing-Review & Editing, Y.Z.; Visualization, F.Z.; Supervision, Y.Z.; Project Administration, Y.Z.; Funding
Acquisition, Y.Z.

Funding: This research was funded by the National Natural Science Foundation of China (Grant no. 11672188).

Conflicts of Interest: The authors declare no conflict of interest.

Appendix A

The non-classical and classical resultant moments and forces in Equation (26) are:

Nxx = B11φ1 + A11φ0 + B12 ϕ1 + A12 ϕ0 (A1)
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Nyy = B11 ϕ1 + A11 ϕ0 + B12φ1 + A12φ0 (A2)

Nxy = B55k1 + A55k0 (A3)

Qx = KS A55γ1, Qy = KS A55γ2 (A4)

Mxx = D11φ1 + B11φ0 + D12 ϕ1 + B12 ϕ0 (A5)

Myy = D11 ϕ1 + B11 ϕ0 + D12φ1 + B12φ0 (A6)

Mxy = D55k1 + B55k0 (A7)

Txxx = E1
∂φ0

∂x
+ E2

∂ϕ0

∂x
+

E3

2
∂k0

∂y
+ F1

∂φ1

∂x
+ F2

∂ϕ1

∂x
+

F3

2
∂k1

∂y
(A8)

Tyxx = E2
∂ϕ0

∂y
+

1
2

(
E4

∂k0

∂x
+ F4

∂k1

∂x

)
+ E5

∂φ0

∂y
+ F2

∂ϕ1

∂y
+ F5

∂φ1

∂y
(A9)

Tzxx = E5φ1 +
E4

2
∂γ1

∂x
+

A1

2
∂γ2

∂y
+ 2A2 ϕ1 (A10)

Txyy =
E4

2
∂k0

∂y
+ E2

∂φ0

∂x
+ E5

∂ϕ0

∂x
+

F4

2
∂k1

∂y
+ F2

∂φ1

∂x
+ F5

∂ϕ1

∂x
(A11)

Tyyy = E2
∂φ0

∂y
+

E3

2
∂k0

∂x
+ E1

∂ϕ0

∂y
+ F2

∂φ1

∂y
+

F3

2
∂k1

∂x
+ F1

∂ϕ1

∂y
(A12)

Tzyy =
A1

2
∂γ1

∂x
+ 2A2φ1 + E5 ϕ1 +

E4

2
∂γ2

∂y
(A13)

Txxy =
E3

2
∂ϕ0

∂y
+

E6

2
∂k0

∂x
+

E4

2
∂φ0

∂y
+

F3

2
∂ϕ1
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+
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2
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+
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2
∂φ1

∂y
(A14)

Tyyx =
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2
∂ϕ0

∂x
+

E3

2
∂φ0

∂x
+

E6

2
∂k0
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+

F4

2
∂ϕ1

∂x
+

F3

2
∂φ1
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+

F6

2
∂k1

∂y
(A15)

Tzxy = A4k1 +
A5

2

(
∂γ2

∂x
+

∂γ1

∂y

)
(A16)

Txxz =
A1

2
ϕ1 +

A3

2
∂γ2

∂y
+

E6

2
∂γ1

∂x
+

E4

2
φ1 (A17)

Tyxz = A4
∂γ1

∂y
+

A5

2

(
∂γ2

∂x
+ k1

)
(A18)

Txyz = A4
∂γ2

∂x
+

A5

2

(
∂γ1

∂y
+ k1
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2
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Appendix B

The parameters in Equations (42)–(46) are given by:

A11 =
∫ h

2

− h
2

(λ + 2μ)dz, B11 =
∫ h

2

− h
2

(λ + 2μ)zdz, D11 =
∫ h

2

− h
2

(λ + 2μ)z2dz (A27)

A12 =
∫ h

2

− h
2

λdz, B12 =
∫ h

2

− h
2

λzdz,D12 =
∫ h

2

− h
2

λz2dz (A28)

A55 =
∫ h

2

− h
2

μdz, B55 =
∫ h

2

− h
2

μzdz,D55 =
∫ h

2

− h
2

μz2dz (A29)

A1 =
∫ h

2

− h
2
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∫ h

2

− h
2
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∫ h

2

− h
2

a3 dz (A30)
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2

− h
2
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2

− h
2
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2

− h
2

a1zdz (A31)
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∫ h

2

− h
2
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2

− h
2
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2

− h
2

a4zdz (A32)
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2

− h
2
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2

− h
2
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2

− h
2
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E4 =
∫ h
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− h
2
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∫ h
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− h
2
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− h
2
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− h
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Appendix C

The nonzero components in Equations (53)–(55) are:

K11 = A11α2
m + E1α4

m + [A55 + (E3 + E4 + E5 + E6)α
2
m]

n2

R2 +
E6n4

2R4 (A39)

K12 = K21 =
αmn

R

[
A12 + A55 +

(
2E2 + E3 + E4 + E6

2

)(
α2

m +
n2

R2

)]
(A40)

K13 = K31 = − (E3 + E4)αmn2

2R3 −
E2αm

(
α2

m + n2

R2

)
R

− A12αm

R
(A41)

K14 = K41 = F1α4
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F6

2
n4
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(
2F3 + 2F4 + 2F5 + F6
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)
α2

mn2
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K15 = K51 =
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2F2 + F3 + F4 + F6

2

)(
α3

mn
R

+
αmn3

R3

)
+ (B12 + B55)

αmn
R

(A43)

K22 = E6α4
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K44 = G1α4
m +
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2G3+2G4+2G5+G6
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)
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2E4+2E5+E6
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]
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Kg33 = −m2π2

L2 (A54)

M11 = M22 = M33 = I0, M44 = M55 = I2, M14 = M25 = M41 = M52 = I1 (A55)
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Abstract: The focus of this paper is centered on the thermal reduction of KMnO4 at controlled
temperatures of 400 and 800 ◦C. The materials under study were characterized by atomic
absorption spectroscopy, thermogravimetric analysis, average oxidation state of manganese, nitrogen
adsorption–desorption, and impedance spectroscopy. The structural formulas, found as a result of
these analyses, were K+

0.29

(
Mn4+

0.84Mn3+
0.16

)
O2.07·0.61H2O and K+

0.48

(
Mn4+

0.64Mn3+
0.36

)
O2.06·0.50H2O. The N2

adsorption–desorption isotherms show the microporous and mesoporous nature of the structure.
Structural analysis showed that synthesis temperature affects the crystal size and symmetry, varying
their electrical properties. Impedance spectroscopy (IS) was used to measure the electrical properties
of these materials. The measurements attained, as a result of IS, show that these materials have both
electronic and ionic conductivity. The conductivity values obtained at 10 Hz were 4.1250 × 10−6 and
1.6870 × 10−4 Ω−1cm−1 for Mn4 at 298 and 423 K respectively. For Mn8, the conductivity values at this
frequency were 3.7074 × 10−7 (298) and 3.9866 × 10−5 Ω−1cm−1 (423 K). The electrical behavior was
associated with electron hopping at high frequencies, and protonic conduction and ionic movement
of the K+ species, in the interlayer region at low frequencies.

Keywords: Birnessite; nanoporous metal oxides; impedance spectroscopy

1. Introduction

From the 1960s, works of Wolkestein [1] state the importance of electron theory to elucidate the
relation between the catalytic and electronic properties of a catalyst and also the semiconductor nature
of this type of material. Swaminathan [2] produced research about the opportunities and ways to
improve catalyst technology, specifically in their development, cost reduction, and field applications [2].
Among the catalysts, semiconductors such as TiO2, ZnO, and SnO2 play a pivotal role, as they
can use the electromagnetic spectra to degrade contaminants [3,4]. It has been reported that these
semiconductor oxides also have acidic and basic natures [2]. Therefore, they are useful as both solid
acid and base catalysts. For this reason, efforts to develop new, cheaper, active, and selective catalysts
are ongoing. Manganese oxides are among the most extensively studied raw, supported, or doped
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catalysts [5–11]; however, their electrical properties have been less studied [12–14]. The family of the
manganese oxide type of materials have variations in their structure depending on the way the Mn–O is
linked together [15]. Therefore, layer, tunnel, spinel, and compact structures can be found. Manganese
oxides have also been used as a cathode in secondary batteries [16,17]. Manganese, as a central atom in
the octahedral coordination in these structures, mainly has the 4+ and 3+ oxidation states. However,
average oxidations states of 3.5 and 3.8 are commonly found because of the presence of Mn4+ and Mn3+

in the same building blocks [18]. Birnessite is a special structure of this manganese oxide family. It is
composed of Mn–O octahedra forming octahedral layers as clays, and it has monovalent or divalent
ions surrounded by water molecules to compensate the electrical charge of its layers. Therefore, these
monovalent or divalent cations are located in the region called the interlayer [9,12]. The cations in the
interlayer region can be displaced by other species because of their mobile nature. Birnessite has been
used in previous works as a catalyst in soot combustion processes and in methylene blue degradation,
showing appreciable catalytic activity compared to traditional catalysts [9,11,19]. For this reason,
the present work focuses on the charge transport mechanism for two birnessite material types, Mn4 and
Mn8, synthesized at 400 and 800 ◦C, respectively, with the intention for a deeper understanding of the
nature of this type of material for advanced applications.

2. Results and Discussion

2.1. Chemical Composition, Thermogravimetric Analysis (TGA), and Average Oxidation State (AOS)

The thermal reduction of KMnO4 has been reported by Kappestein [20] and Herbstein [21]. In the
study conducted by Herbstein et al. [21] on the thermal decomposition of KMnO4 in a temperature
range of 25 to 900 ◦C, in an atmosphere of air and nitrogen, it was found that the idealized equation
for the decomposition of KMnO4 in air at 250 ◦C results in a soluble phase, the K2MnO4, and another
phase that is insoluble, like this:

10 KMnO4 →2.65 K2MnO4 + [2.35K2O 7.75MnO2.05] + 6O2.

Decomposition in air or nitrogen at higher temperatures (up to 540 ◦C) results in more considerable
amounts of O2, corresponding to the change in the composition of the nonsoluble phase. At temperatures
above 540 ◦C in both air and nitrogen, K2MnO4 decomposes into:

10 K2MnO4 →5.7K3MnO4 + 0.5[2.9K2O 8.6MnO2.1] + 3.4O2.

These potassium manganates are stable within the temperature range of 25 to 900 ◦C, but they
react quickly with water vapor. The thermal decomposition of KMnO4 is a redox reaction in which the
oxoanion oxygen is oxidized to molecular oxygen, while the oxidation number of manganese in the
oxoanion is reduced from Mn (VII) to Mn (VI), from MnO−4 and MnO2−

4 . It has been reported that in
the thermal decomposition of KMnO4 at 250 ◦C, an average of 1.6 Mn–O bonds are broken in 73% of
the permanganate ions. The electrons are then transferred to the remaining 27% of permanganate ions,
which are reduced to MnO2−

4 without presenting a significant change in its tetrahedral form. In the
K2MnO4 at 600 ◦C, 1.6 Mn–O bonds are broken on average in 43% of MnO2−

4 ions, and the electrons
are transferred to the remaining 57% of manganate ions, which are reduced to MnO3−

4 .
The manganates formed by this reaction are soluble salts. For this reason, the preparation of

birnessite-type materials for this synthesis route involves a washing procedure after the calcination
process to provide birnessite as the only crystallographic phase.

The K/Mn ratio, obtained by atomic absorption (AA) results (Table 1), shows a variation in the
potassium and manganese content of the materials as the synthesis temperature increases [9].
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Table 1. Structural formulas for birnessite-type materials.

Material Structural Formula K/Mn
Average

Oxidation
State (AOS)

d001

(Å)

Crystal
Size *
(nm)

Specific
Surface Area

(m2/g)

Bulk
Conductivity **

(Ω−1cm−1) × 10−5

Mn4 K+
0.29

(
Mn4+

0.84Mn3+
0.16

)
O2.07·0.61H2O 0.29 3.84 7.12 25 16.26 ± 0.17 2.106

Mn8 K+
0.48

(
Mn4+

0.64Mn3+
0.36

)
O2.06·0.50H2O 0.48 3.64 7.11 61 4.56 ± 0.04 2.135

* By Debye–Scherrer Equation, ** 21 ◦C.

Similarly, a decrease in the average oxidation state (AOS) (Table 1) indicates the presence of
manganese in the 4+ and 3+ oxidation states. The percentage of Mn3+ in these materials was 16%,
and 36% for Mn4 and Mn8, respectively. The results of the AOS, for Mn4 and Mn8, are close to those
reported in the literature [9,22] for birnessite produced by solid-state reactions at 400 and 800 ◦C.
Thermal analysis in nitrogen and air atmospheres (Figure 1) showed thermal events typical of these
layer materials [9,22,23]. Weight loss, up to 250 ◦C, is attributed to the evaporation of physiosorbed
water and interlayer water. From 250 to about 800 ◦C, the materials lose oxygen because of the phase
transformation from a layer to a tunnel structure [9]. When heated to temperatures above 250 ◦C,
the Mn4 material loses 2.48% of its original mass in nitrogen atmosphere. Similarly, Mn8 experienced
a weight loss of 1.69%. These results indicate that the materials synthesized at higher temperatures
lose less oxygen, and show a greater thermal stability, compared to the ones synthesized by chemical
routes [24]. The materials were more stable in nitrogen than in air, as it can be seen in Figure 1.
The difference in weight losses at temperatures higher than 250 ◦C between both atmospheres indicates
a release of oxygen from the framework, as it was reported by Suib et al. [25]. For Mn4, this difference
was 0.53%, and it was 0.16% for Mn8. The combined results of atomic absorption, thermogravimetric
analysis (TGA), and AOS were used to formulate the structural formula shown in Table 1.

 

(a) (b) 

Figure 1. Thermograms in air and N2 for synthesized birnessite-type materials. (a) birnessite type of
material synthezised at 400◦C, (b) birnessite type of material synthezised at 800◦C.

2.2. Structural Analysis and Rietveld Refinement

The synthesis method produced a typical layered manganese oxide (birnessite) structure,
as confirmed by X-ray diffraction (XRD) (Figure 2a). The d (001) basal spacing and estimated
crystal size are shown in Table 1. The basal spacing of these layer materials is in accordance with the
published works [18,22,26,27].
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Figure 2. Rietveld refinement results for (a) Mn4, and (b) Mn8. The insert shows the polyhedral
structure of the triclinic and hexagonal birnessite for (a) Mn4, and (b) Mn8 respectively.

Analysis between 30◦ and 70◦ in 2θ showed the presence of structural disorders associated with the
rotation and translational stacking faults of the layers, as demonstrated in phyllosilicate minerals [28].
The synthesis temperature and structural disorder ratio was also noted by Gaillot et al. [22,29]. The Mn4
material (Figure 2a), in the range mentioned above, had diffraction peaks located at 2.91, 2.47, 2.40, 2.29,
2.17, 1.81, 1.43, 1.39, and 1.35 Å, which are in agreement with those reported for triclinic birnessite [29,30].
For Mn8 it was observed that X-rays diffracted at angles of 12.42◦, 25.06◦, 36.48◦, 38.54◦, 41.36◦, 44.48◦,
44.80◦, and 53.46◦ 2θ, which correspond to interplanar spacing of 7.12, 3.55, 2.46, 2.33, 2.18, 2.03, 2.02,
and 1.71 Å, respectively. These are characteristic of a hexagonal birnessite [29,30], an observation that
also appears in Kim et al. [31].

The atomic position (fractional coordinates) can be shown in Appendix A, Table A1.
The structural symmetry of birnessite was confirmed by the Rietveld method. The structural

parameters have been summarized in Table 2, and comparisons between the experimental and
theoretical patterns are shown in Figure 2. The refined parameters confirm the triclinic structure for
Mn4 and the hexagonal structure for Mn8 (Table 2). For Mn8 material, the crystallographic density
value was higher than Mn4 (Table 2). The change in the crystallographic density for Mn8 was related
to the variation in the crystal symmetry from triclinic to hexagonal. The c-cell parameter increased
because of the rearrangement of the atoms in the interlayer region and the densification that resulted
from temperature increase.

A typical Mn-O1 bond distance, in the layer of the analyzed materials, falls between 1.088–2.352 Å
and 1.860 Å for Mn4 and Mn8 materials, respectively. The presence of Mn3+, in both the high- and
low-spin states, as was evidenced by AOS (Table 1), was confirmed by the four short and two long
Mn–O distances, which resulted from Jahn–Teller distortion. The Jahn–Teller distortion has important
implications for the electrical conductivity of these materials. The Mn–O bond distances are in close
agreement with those reported by Drits et al. [32], Gaillot et al. [22], Lopano et al. [33], and Post and
Veblen et al. [34]. The crystal broadening, for Mn4, is isotropic, as can be seen in the aspect ratio index
(Table 2), whereas it was anisotropic for Mn8. The crystal anisotropy affects the electrical properties,
as will be discussed later.
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Table 2. Summary of Rietveld refinement results for Mn4 and Mn8 materials.

Sample Parameter Mn4 Mn8

Space group P-1 P63/mmc
Data/Parameters 3074/26 3249/26
Mn1 (Occ) 1 1
K1 (Occ) 0.29 0.09
O1 (Occ) 1.02 0.95
O2 (Occ) 0.27 0.56
Mn1(Uiso) 0.005800 0.012370
K1 (Uiso) 0.067300 0.094000
O1 (Uiso) 0.031800 0.017300
O2 (Uiso) 0.067300 0.080000

Lattice parameters

a (Å) 2.91846 ± 0.005645 2.874708 ± 0.002132
b (Å) 2.93104 ± 0.005117 2.874708 ± 0.002132
c (Å) 7.43240 ± 0.006679 14.168819 ± 0.000357
α (◦) 78.2025 ± 0.184 90
β (◦) 103.5718 ± 0.166 90
γ (◦) 121.7815 ± 0.093 120

Volume (Å3) 52.284 ± 0.140 101.403 ± 0.123
Calculated Unit Cell Molecular Weight 108.114 214.884
Crystallographic density (g/cm3) 3.434 3.531
Perpendicular crystal size (nm) 18 53
Parallel crystal size (nm) 15 198
Aspect ratio 0.83 3.74
χ2 0.9317 1.460
Rp 0.0209 0.0224
Rwp 0.0266 0.0293
Rf 0.4121 0.0315
Rexp 0.0276 0.0242

Mn1: Mn layer, O1: O layer, and O2: O from interlayer water.

2.3. Morphological Analysis

Scanning electron microscopy analysis (Figure 3) shows that Mn4 (Figure 3a) was formed by
particle aggregates small in size compared to Mn8 (Figure 3b). When subjected to calcination at
800 ◦C (Mn8), these agglomerates grew uniformly. These agglomerates tended to have a hexagonal
plate morphology and had smoother surfaces, which is characteristic of these types of materials.
These observations are consistent with the crystal size/temperature increment relation showed by XRD
(Figure 2, Table 1) and Rietveld refinement (Table 2).

Figure 3. SEM images for Birnessite-type materials (a) Mn4 and (b) Mn8.

2.4. N2 Adsorption–Desorption Analysis

The N2 adsorption–desorption isotherms of the materials (Figure 4a) showed the existence of
a type II isotherm, according to the International Union of Pure and Applied Chemistry (IUPAC)
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classification [35] and H3 hysteresis, characteristic of materials with slit-shaped and large pores [36].
The surface area, found by using the Brunauer-Emmet-Teller (BET) method (Table 1), decreased as the
synthesis temperature increased. This trend is consistent with the crystal growth–smoothness relation,
as evidenced by XRD (Figure 2) and SEM (Figure 3). The mesopore size distribution (Figure 4b)
showed peaks centered at around 399.3 and 414.7 Å for Mn4 and Mn8, respectively, with a pore
volume that decreased as the synthesis temperature increased. This observation is in accordance
with the aggregate size increment of the birnessite particles. All materials showed microporosity,
as observed in Figure 4c, and the data show that the microporosity changes with increasing synthesis
temperature. The interaction energy of the porous solid surface with the N2, obtained by nonlocal
density functional theory (NLDFT) [37], varied with the synthesis temperature for the birnessite-type
material. The data presented in Figure 4d show values for the interaction energy around 48, 56, 60, 72,
and 100 K, with a greater contribution at 72 K for the Mn4 material. The main contribution for Mn8
occurred at 28 K followed by interaction energies of 38, 70, and 100 K. Maddox et al. [38] reported that
in mesoporous materials, like MCM41, values below 75 K correspond to the usual range of values
reported for O–N2 interactions. Values between 125 and 75 K correspond to theoretical εsf/k values
for the O–O interaction [38]. Therefore, the information presented asserts that the surfaces of the
birnessite-type material are energetically heterogeneous, which probably contributes, in a positive
manner, to its electrical processes.
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Figure 4. N2 adsorption–desorption results: (a) N2 isotherms, (b) mesopore size distribution by
Barret–Joyner–Halenda (BJH), (c) micropore size distribution by Hovarth–Kawazoe (HK), and (d)
interaction energy by nonlocal density functional theory (NLDFT).
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2.5. Electrical Analysis of Nyquist Plots

Nyquist plots from the impedance experimental data were conducted with the aim of studying
the effect of temperature on the electrical response of the synthetized materials; the results are shown in
Figure 5. The Nyquist plot exhibits a semicircle and a straight line at low frequency, but the magnitude
of the diameter of the semicircle reduced as the temperature increased in both studied materials.
This experimental evidence suggests an impedance reduction of the “bulk” and grain boundary
processes. The presence of the semicircle in the Nyquist plot was associated with the electron transport
processes on the “bulk”, in which there are a contribution of inter-crystalline and intra-crystalline
charge transport processes. Also, in this region, a possible additional contribution to the electrical
response came from protonic conduction (H3O+) because of the interlayer water in the birnessite
structure. The observations corresponding to the electron transport process are concurrent with
the results of previous research [12,13]. However, the preparation methods reported here produced
materials with less impedance compared to previous work [12]. Therefore, is possible to tune the
electrical properties of manganese oxides. The straight line at low frequency was associated with the
ionic diffusion of K+ ions located in the interlayer region, which follow a Warburg diffusion process.
The straight lines observed in Figure 5a,b indicated that the ionic diffusion was preserved up to 373 K,
due to the satisfactory thermal stability of these materials (Figure 1), as opposed to soft synthesis
routes [12,23].
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Figure 5. Nyquist Plot as a function of temperature for (a) Mn4 and (b) Mn8. (c) equivalent circuit.
R1 and R2: resistances; CPE-1 and CPE-2: constant phase element; and Wo1: Warburg open element.
The insert in (a) corresponds to an increase in the scale between 0 to 8 kΩ, The insert in (b) corresponds
to an increase in the scale between 0 to 50 kΩ.

The equivalent circuit, shown in Figure 5, that represents the experimental results, was constructed
considering the morphology and structural issues for the studied materials, and it also takes into
account the reports of the literature for the electrical behavior of porous materials [12,13,39–42]. In this
circuit, each circuital element is composed of a constant phase element (CPE) connected in parallel
with one resistor (R). CPE1 and R1 reflect the intra-/inter-crystalline electrical process, while CPE2 and
R2 were assigned to fit the results concerning the charge transport in the grain boundary or aggregate
boundary. These two circuital elements were put in series because it was the better circuit that better
adjust the experimental results. Also, each of the circuital elements were connected in series because
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the Nyquist plot described consecutive processes [43], as reported in previous work [12]. The circuit
was finally completed with a Warburg open element (W1). In these equivalent circuits, the constant
phase elements (CPE1, CPE2) were selected based on SEM (Figure 3) and textural analysis (Figure 4).
CPE describes a nonideal capacitive process, [12,44] which, for the purposes of this study, was used
to model the porous structure of the material and its heterogeneous surface (Figure 4a–d) [45,46].
The numerical results of the equivalent circuits are summarized in Appendix A (Tables A2 and A3).

In the circuital model, R1 and R2 are the inter-/intra-crystalline resistance and grain boundary
resistance, respectively; CPE1-T is the capacitance of inter-/intra-crystalline processes; CPE2-T
corresponds to the capacitance of the grain boundary process; and CPE1-P and CPE2-P are the exponents
of the impedance for CPE (Equation (1)) for the inter-/intra-crystalline and grain boundary processes.

ZCPE =
1(

T(I ×ω)P
) (1)

where ZCPE is the impedance of the CPE element, T corresponds to CPE-T, P corresponds to CPE-P,
ω = angular frequency of alternating current signal, and I =

√−1.
In the same model, Wo-R is the resistance to the ionic diffusion, and Wo-T and Wo-P are the

coefficients according to the Warburg impedance equation (Equation (2)):

ZWo =
R
(
ctgh(I × T ×ω)P

)

(I × T ×ω)P , (2)

where Zwo is the impedance for the Warburg open element, R describes the diffusion resistance (Ω),
P is the exponential coefficient, and T is described through Equation (3):

W0 − T =
L2

D
, (3)

where W0 − T is the Warburg T coefficient, L is the effective diffusion thickness (m2), and D (m2s−1)
is the effective diffusion coefficient of the charge carrier. The contribution of the charge transport
processes, and their accumulation at the grain boundaries of the Birnessite particle’s aggregates, overlap
with the “bulk” contribution because of the proximity of the particles, which was produced by the
sample preparation for the electrical experiments (Figure 3). Because of this reason, the CPE2 and R2
elements were introduced into the circuital model.

The increase of the resistance of the “bulk” process (intra-crystalline and inter-crystalline), in the
order Mn4 <Mn8 (Tables A2 and A3, Appendix A), suggests an interplay between the crystal size,
the average oxidation state of manganese, and the crystal symmetry (Tables 1 and 2). Therefore,
the smaller the crystal size is, the higher the micropore and surface area. For instance, Mn4, compared
to the other cases, allows the electrons to travel through the crystal more freely because of the shorter
Mn–O bond distances, as discussed above.

The values for the relaxation time are presented in Figure 6. The increase in relaxation time with
temperature is consistent with the decrease of the resistance at “bulk process”, most likely due to higher
K–O bond distances in Mn8, as was observed by the Rietveld refinement (Table 2). This relaxation time
was almost linear with respect to the temperature for Mn8, but it decreased nearly exponentially for
Mn4. This suggests that the relaxation time in the “bulk” is thermally activated and is lower for Mn4,
indicating a fast electron mobility correlated to a high surface area and low crystal size (Table 1).
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2.6. Alternant Current (AC) conductivity

AC conductivity measurements (Figure 7) unraveled a power law behavior at high frequencies [47],
which suggests electron hopping [48,49] and short-range conductivity [50]. The power law was first
reported by Jonscher [47] and referred to as the universal dynamic response. It is described as

σac = σ0 + Aωn,

where σac is the AC conductivity, σ0 is the DC conductivity, ω is the angular frequency of the applied
electric field, ω = 2πf, and A and n are the fitting parameters. n generally falls between zero and unity.
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Figure 6. Effect of temperature on bulk relaxation time (τb) for the synthesized birnessite-type material.
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Figure 7. Real component of the complex conductivity as a function of temperature. (a) Mn4, birnessite
type of material synthesized at 400◦C, (b) Mn8, birnessite type of material synthesized at 400◦C.

Such behavior has been observed in layered manganese oxides [12] and perovskite-type
materials [51]. The sudden increment in the conductivity, above 10 Hz for Mn8 material (Figure 7),
most likely is due to the high quantity of Mn3+ (Table 1) compared to Mn4. However, Mn4 had the
highest conductivity (Figure 7) because of its smaller crystal size and higher surface area (Table 1).
The conductivity values obtained at 10 Hz were 4.1250 × 10−6 and 1.6870 × 10−4 Ω−1cm−1 for Mn4 at
298 and 423 K, respectively. For Mn8, the conductivity values at this frequency were 3.7074 × 10−7

(298 K) and 3.9866 × 10−5 Ω−1cm−1 (423 K).
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It is probable that the stacking faults in Mn4 provide crystallographic active sites for the movement
of the charge carrier, as was evidenced in the surface energy plots (Figure 4c,d). Hence, it is probable
that, at low frequencies, the ionic conduction process is the most favorable for Mn4, as represented
by the appearance of the straight line in Figure 5a. Also, in this material, the K–O bond distances,
the crystallographic position of K+, and the H2O interlayer allows the continuity in the channels for
ionic conduction. Differences in the amount of potassium and water, and its position in the crystal
cell of the studied materials, influence the electrical behavior in the low-frequency region. At higher
contents of K+ ions, the two positions in the crystal cell, for the water molecules in Mn8, and the
proper alignment of the material´s layers limit the ionic conduction routes, such that this contributes
to a diminished ionic conductivity at low frequency (Figure 7). These types of materials are ionic
exchangers [52]; therefore, the ions in the interlayer space are mobile. Water is an important key
for the mobility of the ions in the interlayer space [12,53]. A low amount of water in the interlayer
region can diminish the ionic mobility of the ions [53]. Furthermore, the water´s ability to facilitate
ion conduction is dependent on the charge density of these ion [12,53,54]. Another reason for the
enhanced conductivity is that the stacking faults alter the electrical conduction pathways. It is probable
that this heterogeneous surface creates interactions between the electric field and the charge carrier.
The variations in surface energies (Figure 4c,d) support the heterogeneity of the material surfaces.

Figure 7 shows the AC conductivity for each material, by around two orders of magnitude,
along with the induced temperature of the experiment. In Figure 7a, a low-frequency dispersion
(LFD) can be seen for all temperatures. The region II (between 10 Hz up to 1 MHz) is dominated by
DC conductivity, and region III (after 1 MHz) is characterized by the “universal Jonscher law” [47].
The results suggest that the charge transport mechanism is temperature-activated. Figure 8 shows the
activation energy of each material. It is evident that, for Mn4 material (Figure 8a), the conductivity
depends on the frequency and temperature. However, for Mn8 (Figure 8b), at temperatures higher
than 348 K and frequencies below 10 MHz, the dependence is mainly associated with the temperature.
The conductivity results suggest that the process is dominated by thermally activated “electron
hopping” in the range of analyzed temperatures. When the electrons move forward between Mn sites,
there is a change in the local structure caused by the change in the oxidation state of the MnO6 units
that form the layer. These changes generate lattice vibrations. This phenomenon should be understood
as a strong electron–phonon interaction or polaron mechanism [55], which is the other one present
in the electrical conductivity process. The activation energies of each material (Figure 8) were lower
than those reported for similar materials [12]. This is because of the higher average oxidation state of
manganese (Table 1), which means a higher amount of Mn4+, as is reported for manganites obtained
from a nickel permanganate precursor [56]. The lower activation energy of Mn4 compared to Mn6 and
Mn8 could be associated with the difference in the quantity of Mn3+ between the synthesized materials,
the variation of the Mn–O–Mn bond lengths resulting from crystal symmetry (Table 2), the changes
of the surface area that can lead to a redistribution of electron charge [57], “polaron hopping” [58],
and the Jahn–Teller distortion of Mn3+ ions [12]; thus, there are different electric behaviors with respect
to the frequency of the applied electric field. Presumably, the increase of the conductivity involved in
the transition zone, between Region I and Region II (Figure 8), was due to the release of physiosorbed
water on the material’s surface [12].
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Figure 8. Arrhenius plot of the real component of the complex conductivity.(a) Mn4, (b) Mn8,
(c) comparison of the activation energy between 298 to 348 K, (d) comparison of the activation energy
between 373–423 K.

The comparison of conductivity values for manganese oxides and birnessites synthesized in this
work is shown in the Table 3.

Table 3. Conductivity values for different manganese oxides.

Phase Conditions Conductivity Reference

MnO Room temperature 10−9 Ω−1cm−1 [59]
birnessite 298 K 10−5to 10−6 Ω−1cm−1 [60]
Todorokite 298 K 2.083 × 10−6 Ω−1cm−1 (4.8 × 105 Ωcm) [60]

MnO2 Room temperature Resistivity 0.5 ohm-cm (2 Ω−1cm−1) [61]
Mn2O3 Room temperature Resistivity 0.0028 ohm-cm

Mn2O3
Room temperature

Under pressure 43 GPa ~10−3 Ω−1m−1 [62]

MnO2 Room temperature Resistivity 6.8 × 10−7 Ωm [63]

B-MnO2 Room temperature 1.27 × 10−4 Ω−1cm−1

3.18 × 10−5 Ω−1cm−1 [64]

Mn3O4 323 K (3.68 ± 0.03) × 10−8 Ω−1m−1 [65]
Mn3O4 423 K (2.04 ± 0.001) × 10−5 Ω−1m−1 [65]
MnO2 todorokite 4.9 × 10−2 Ω−1cm−1 for nanowires [66]
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Table 3. Cont.

Phase Conditions Conductivity Reference

MnO2 criptomelane 10−3 to 10−4 Ω−1cm−1 [15]
MnO2 criptomelane 10−6 Ω−1cm−1 [52]
K-birnessite 10−6 Ω−1cm−1

Na Birnessite 298 K, 1 MHz 8.39 × 10−6 Ω−1 cm−1 [12]

K-birnessite

298 K, 10 Hz Mn4: 4.1250 × 10−6 Ω−1cm−1,
Mn8: 3.7074 × 10−7 Ω−1cm−1 This Work

298 K, 1 MHz Mn4: 6.555 × 10−5 Ω−1cm−1

Mn8: 3.944 × 10−6 Ω−1cm−1 This Work

423 K, 10 Hz Mn4: 1.6870 × 10−4 Ω−1cm−1

Mn8: 3.85 × 10−5 Ω−1cm−1 This Work

423 K, 1 MHz Mn4: 2.050 × 10−4 Ω−1cm−1

Mn8: 4.270 × 10−5 Ω−1cm−1 This Work

3. Materials and Methods

3.1. Synthesis

Manganese oxides with birnessite-type structures (K-birnessite) were synthesized by the thermal
reduction of a manganese salt, KMnO4 (Merck, Darmstand-Germany, 99%), as detailed in previous
studies [9,22,31,67]. The procedure was as follows; the KMnO4 in powder form was homogeneously
dispersed in a porcelain dish and exposed to calcination in a muffle furnace at temperatures of 400
and 800 ◦C for 6 h at 10 ◦C/min, to induce the thermal reduction, then they were cooled to room
temperature. After calcination, each material was washed with deionized and distilled water to remove
any soluble salts (potassium manganates) formed during the process and to reduce the pH from 12 to
9.5. The materials were dried at 60 ◦C for 24 h for further characterization. The materials were named
as Mn4 and Mn8 (from thermal reduction at 400 and 800 ◦C, respectively).

3.2. Elemental Analysis and Average Oxidation State of Manganese

An elemental chemical analysis for the determination of K and Mn was performed by atomic
absorption spectroscopy (AAS) in an atomic absorption spectrophotometer, PERKIN ELMER, model
3110, (Perkin Elmer Corporation, Waltham, MA, USA) and by using a standard procedure for sample
digestion. The sample digestion process consisted of dissolving 100.0 mg of sample powder in 2.0 mL
of 37% HCl and 1.0 mL of distilled and deionized water (DDW). The sample was then heated up
to 100 ◦C, for about 30 min, until the solution became transparent and there were no undissolved
solid particles. The Mn and K contents were determined at wavelengths of 279.5 and 766.5 nm,
respectively. The average oxidation states (AOSs) of the manganese in the samples were determined
by potentiometric and colorimetric titration [68]. In the first step, 40.0 mg of the sample was dissolved
by heating in 18.5% v/v HCl solution, with the final volume being adjusted to 100 mL. After that,
10 mL of this solution was added to 100 mL of a saturated solution of Na2P2O7, the pH of the solution
was adjusted to between 6.5–7.0, and then it was titrated with KMnO4 standard (around 1 × 10−3 M).
The final point for this titration was taken when the potential increased to more than 100–150 mV.
In the second step, about 40 mg of sample was dissolved in 10.0 mL of ferrous ammonium sulfate
(FAS) solution under constant nitrogen flow, and the volume was adjusted up to 100 mL with DDW in
order to reduce Mn4+ and Mn3+ to Mn2+. For the final step, 10.0 mL of this solution was back titrated,
with a permanganate standard, until a color change occurred. All measurements were repeated three
times in order to obtain the standard deviation.
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3.3. X-ray Diffraction (XRD) Data Collection and Structural Refinement

All X-Ray Diffraction (XRD) patterns of the powder samples were performed at room temperature
with a Brag–Brentano focusing geometry in a RIGAKU MINIFLEX II diffractometer, (Rigaku Company,
Tokyo Japan), using CuKα radiation at 30 kV and 15 mA with a scan rate of 2◦ (2 θmin−1, sampling width
of 0.01◦ (2θ), and between 3◦ and 70◦ (2θ). Rietveld refinement [69], for the obtained birnessite-type
materials, was performed with a General Structure Analysis System (GSAS) [70] using the EXPGUI
interface [71]. An experimental XRD pattern of a silicon powder was refined in order to obtain
the instrumental parameter file. Because of the differences in the layer arrangements between each
material, the initial structural parameters, triclinic [33] and hexagonal [22] symmetries, were used.
The crystallographic information file (CIF) was obtained from Crystallography Open Database [72,73].
All polyhedral crystal structure drawings were made by using Vesta software.

3.4. Thermal Analysis

The thermal stability of the materials was studied by thermogravimetric analysis (TGA) on a
TA instruments, model TGA Q500 thermogravimetric analyzer (TA Instrument, Delawere, DE, USA).
Measurements were made on 10.0 mg of sample, using a high-resolution algorithm (sensitivity: 1,
resolution: 5) with N2 flow (100 mL min−1) at a heating rate of 10 ◦C min−1. The measurement range
was from 21 up to 800 ◦C.

3.5. Surface Area and Porosity

N2 adsorption–desorption isotherms were conducted to study the surface area, pore volume,
and pore size distribution of the materials. The samples (100.0 mg) were degassed under vacuum at
120 ◦C for 24 h, and the adsorption–desorption isotherms were taken in a MICROMERITICS equipment
model ASAP 2020, (Micromeritics, Norcross (Atlanta), Georgia, GA, USA), at 77 K with a pressure
range from 1 × 10−7 P/Po to 0.99 P/Po. The specific area was calculated by the Brunauer–Emmett–Teller
(BET) method. The Barret–Joyner–Halenda (BJH) method for mesopores and the Hovarth–Kawazoe
(HK) method for micropores were used to determine the pore size distribution. To predict the surface
energy of the synthesized materials, nonlocal density functional theory (NLDFT) was applied.

3.6. Scanning Electron Microscopy (SEM)

Micrographs were obtained in a JEOL JSM 5910LV microscope, (JEOL company Akishima, Tokyo,
Japan), equipped with a secondary electron (SEI) detector operated at 15 kV in high-vacuum mode.
For this analysis, around 3.0 mg of the synthesized material was placed onto a carbon ribbon, and then
a thin layer of gold was deposited onto the surface of the sample by a sputter coating technique.

3.7. Impedance Spectroscopy Analysis

For impedance spectroscopy analysis, expressed as a function of temperature, the powder samples
were uniaxially pressed at about 51 MPa to obtain pellets approximately 1.37 mm thick and 10 mm in
diameter [12,14]. The pellets were kept between two platinum electrodes (the effective diameter for
the working electrode was 10 mm) under spring-loaded pressure. The setup was put inside a furnace
with temperature control from 298 to 423 K in steps of 25 K, and, in this case, measurements were
taken using a dielectric interface SOLARTRON 1296 coupled to SOLARTRON 1260 analyzer (Solartron
Analytical, Farnborough, UK). The cell was allowed to reach thermal stability for about 20 min before
each measurement. Data were recorded in a frequency range of 10 MHz to 0.1 Hz with a voltage
amplitude of 100 mVrms and 0 DC bias. The fitting circuit simulation of AC impedance data was
performed with ZView® (Scribner Association, Southern Pines, North Carolina, NC, USA) software.
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4. Conclusions

Changes in symmetry and microstructure of synthesized birnessite-type materials produced
variations in their electrical properties and relaxation times for the electrical transport mechanism.
Mn4 exhibited the highest conductivity, which was associated with turbostratic disorder, shorter Mn–O
bond length, lower crystal size, higher Mn4+ content, and higher surface area. For Mn8, the crystal size
increment might have diminished the contact area between the particle agglomerates, making electron
transport more difficult than in the Mn4 material. The enhanced conductivity with temperature
suggests a thermally activated electron “hopping” and semiconductor behaviour for the synthesized
materials. It is concluded that conductivity and other electronic-related phenomena can be tuned by
varying the synthesis conditions.
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Appendix A

Table A1. Fractional coordinates for atom positions in Mn4 and Mn8.

Mn4 Mn8

Fractional Coordinates Mn1
x 0 0
y 0 0
z 0 0

Fractional Coordinates K1
x 1.625160 0.127491
y 0.835220 0.872509
z 0.407410 0.250000

Fractional Coordinates O1
x 0.223160 0.666700
y 0.821360 0.333300
z 0.094050 0.059257

Fractional Coordinates O2
x 0.032800 0.333300
y −0.059160 0.666700
z 0.554910 0.250000

Table A2. Circuital element values from equivalent circuit fitting of the experimental results for Mn4.

T (K) CPE1-T (F) CPE1-P Rg (Ω) CPE2-T (F) CPE2-P Rgb (Ω) Wo-R Wo-T WoP

298 1.40 × 10−11 1.04 1.67 × 105 3.18 × 10−10 0.94 8.95 × 103 3.05 × 104 3.45 × 10−1 0.22
323 5.54 × 10−11 0.95 4.85 × 104 6.23 × 10−12 0.12 3.02 × 102 3.98 × 103 2.86 × 10−2 0.22
348 1.58 × 10−9 0.76 1.30 × 103 6.18 × 10−19 0.94 157 × 102 8.63 × 102 5.41 × 10−3 0.20
373 3.06 × 10−9 0.70 2.13 × 103 2.09 × 10−17 2.00 1.11 × 101 1.22 × 102 8.23 × 10−5 0.17
398 9.65 × 10−10 0.78 8.84 × 102 1.00 × 10−20 2.91 1.28 × 102 1.04 × 10−1 1.49 × 10−12 0.17
423 2.08 × 10−9 0.77 6.74 × 102 1.00 × 10−20 2.92 1.03 × 102 8.45 × 10−2 5.15 × 10−14 0.12

CPE1-T and CPE1-P are the coefficients of the constant phase element in Equation (1); Wo-R, Wo-T, and WoP are
the coefficients for Warburg open element in Equation (2); and Rg and Rgb are the resistances in grain and grain
boundary, respectively.
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Table A3. Circuital element values from equivalent circuit fitting of the experimental results for Mn8.

T (K) CPE1-T (F) CPE1-P Rg (Ω) CPE2-T (F) CPE2-P Rgb (Ω) Wo-R (Ω) Wo-T (s) WoP

298 2.51 × 10−11 0.98 2.08 × 105 4.61 × 10−8 0.634 1.98 × 105 1.07 × 106 39.38 0.34
323 1.67 × 10−11 1.00 8.87 × 104 8.56 × 10−8 0.618 6.75 × 104 6.13 × 105 45.61 0.32
348 1.37 × 10−11 1.02 4.34 × 104 2.01 × 10−7 0.572 3.09 × 104 2.10 × 105 126.6 0.26
373 1.13 × 10−11 1.04 2.68 × 104 6.93 × 10−8 0.680 8.53 × 103 4.37 × 104 91.41 0.19
398 2.10 × 10−11 1.00 8.29 × 103 6.24 × 10−4 0.068 1.50 × 1017 N.A N.A N.A
423 4.36 × 10−11 0.97 3.69 × 103 1.19 × 10−3 0.042 5.00 × 107 N.A N.A N.A

CPE1-T and CPE1-P are the coefficients of the constant phase element in Equation (1); Wo-R, Wo-T, and WoP are
the coefficients for Warburg open element in Equation (2); and Rg and Rgb are the resistances in grain and grain
boundary, respectively.
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Abstract: The recently introduced perovskite solar cell (PSC) technology is a promising candidate for
providing low-cost energy for future demands. However, one major concern with the technology can
be traced back to morphological defects in the electron selective layer (ESL), which deteriorates the
solar cell performance. Pinholes in the ESL may lead to an increased surface recombination rate for
holes, if the perovskite absorber layer is in contact with the fluorine-doped tin oxide (FTO) substrate
via the pinholes. In this work, we used sol-gel-derived mesoporous TiO2 thin films prepared by block
co-polymer templating in combination with dip coating as a model system for investigating the effect
of ESL pinholes on the photovoltaic performance of planar heterojunction PSCs. We studied TiO2

films with different porosities and film thicknesses, and observed that the induced pinholes only
had a minor impact on the device performance. This suggests that having narrow pinholes with a
diameter of about 10 nm in the ESL is in fact not detrimental for the device performance and can
even, to some extent improve their performance. A probable reason for this is that the narrow pores
in the ordered structure do not allow the perovskite crystals to form interconnected pathways to the
underlying FTO substrate. However, for ultrathin (~20 nm) porous layers, an incomplete ESL surface
coverage of the FTO layer will further deteriorate the device performance.

Keywords: perovskite solar cell; electron selective layer; pinhole; mesoporous TiO2; evaporation-induced
self-assembly; dip coating

1. Introduction

Organic-inorganic lead halide perovskite solar cells (PSCs) have gained substantial attention in
the last decade, and soon they are expected to be able to compete with conventional silicon-based solar
cells due to their outstanding device performance. PSCs offer low-cost solar energy conversion due
to the ease in fabrication and the possibility to make devices on top of glass or flexible substrates [1].

Nanomaterials 2020, 10, 181; doi:10.3390/nano10010181 www.mdpi.com/journal/nanomaterials77
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The first PSC was reported by Kojima et al. in 2009 [2] with 3.8% power conversion efficiency (PCE).
Within the next seven years, a PCE above 20% was reached [3], while the current certified record
efficiency is, amazingly, above 25% [4]. However, there are still some challenges to be addressed before
the technology can reach market penetration, including device reproducibility [5], scalability [6], and
stability [7].

A PSC consists of a perovskite light-absorbing layer sandwiched between an electron selective
layer (ESL) and a hole selective layer (HSL). Electron-hole pairs are generated in the perovskite layer
upon illumination. Electrons are selectively extracted by the ESL and transported to an external circuit
via a transparent conductive substrate, such as fluorine-doped tin oxide (FTO), while holes are extracted
by the HSL, most commonly lithium-doped Spiro-OMeTAD. n-Type metal oxide semiconductors,
including TiO2, ZnO and SnO2 [8,9], are the most commonly used ESLs in PSCs, although conductive
polymers have also been used [10–12]. The highest efficiency reported for TiO2 as the ESL reaches
above 20% when using cesium containing triple-cation mixed-halide perovskite as the light absorber [3].
This involves the use of a thin mesoscopic scaffold layer consisting of TiO2 nanoparticles coated on top
of a compact TiO2 layer. The perovskite is thought to be embedded in the mesoporous scaffold along
with a thick capping layer on top, which isolates the TiO2 scaffold from the HSL [13]. Together with the
perovskite in the mesoporous TiO2, the capping layer absorbs enough light to obtain good photocurrent.
The mesoscopic scaffold plays an important role in supporting electron injection into TiO2 because it
tends to establish a high TiO2/perovskite interfacial area. Without the scaffold layer, it is difficult to
achieve highly efficient solar cells with TiO2, because the low contact area between the perovskite and
the TiO2 results in charge build-up at the interface [8,14]. This is due to the relatively low inherent
electron mobility in TiO2 and the misalignment of its work function with respect to the conduction
band energy level of the perovskite. This further becomes an important source of hysteresis in planar
heterojunction TiO2-based PSCs [8,9].

Morphological defects such as pinholes [15] (either in the form of larger bare patches or as porosity
on the nanoscale [16]) in the ESL can result in increased surface recombination as well as charge
injection barriers due to improper alignment in the energy levels between the perovskite and the
ESL. Pinholes in ESLs are predominantly reported as incomplete surface coverage of the ESL film on
top of the conductive FTO, which results in FTO crystals protruding through the metal oxide films
creating a direct contact with the perovskite [17,18]. This degrades the device performance due to a
poor hole-blocking ability or high current leakage at the ESL/perovskite interfaces [9]. These types
of pinholes are formed due to poor substrate wettability or microbubble formation during the film
deposition or drying stages and are most prominent in ultrathin metal oxide films. Thermally or
mechanically induced cracks might also expose the underlying FTO in relatively thick ESLs [1,19].
Furthermore, the choice of deposition technique and film deposition rate are important factors that
affect the surface coverage and the denseness of the produced ESL layer [16]. Atomic layer deposition
(ALD) is currently considered the best deposition method for producing homogeneous and dense
metal oxide thin films with well-defined morphology and crystallinity [16,20]. Whereas the atomic
layer-by-layer structure buildup in ALD creates very dense metal oxide layers, the more commonly
used solution-processable nanoparticle- or sol-gel-based methods typically produce layers with a
lower density, as they contain some porosity at the nanoscale [16]. The increased porosity and grain
boundaries in the ESLs are thought to increase the number of trap states where charge recombination
can take place [21]. Nonetheless, due to expensive ALD equipment costs, sol-gel-based spray pyrolysis
and spin coating are still the most popular methods for producing the compact metal oxide layers used
in PSCs [22]. Moreover, some of the possible trap state defects can be alleviated by surface passivation
strategies [18].

As the nature of the possible defect morphologies in ESLs can vary substantially (in the literature
irregular and randomly occurring defect structures are often encountered), it is difficult to study their
possible effects in the performance of PSCs systematically. In this study, we deliberately introduce
well-defined morphological defects to model nanoscale pinholes evenly distributed throughout ~70 nm
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thick TiO2 films. The sol-gel-derived films are prepared using an inexpensive, well-controlled, and
scalable dip-coating method [23] in combination with evaporation-induced self-assembly (EISA) of
block co-polymers to generate an ordered pore structure in the final films with a pore size of ~10 nm
in diameter [24]. Such porous films have previously been utilized in PSCs, but only in combination
with an additional compact TiO2 layer underneath [25]. In our study, however, the porosity in the
TiO2 films is tuned to simulate a large number of uniform pinholes in a single TiO2 layer. The TiO2

layers are characterized using grazing incidence X-ray diffraction (GI-XRD), X-ray reflectometry (XRR),
field emission scanning electron microscopy (FE-SEM) and charge extraction (of injected carriers) by
linearly increasing voltage in metal-insulator-semiconductor structures (MIS-CELIV) measurements,
confirming that the pore system is achieved through the entire TiO2 layer and thus forms narrow
pinholes down to the underlying FTO contact. Unexpectedly, devices based on TiO2 layers with high
porosity still work very well. This indicates that narrow pinholes similar to the ones described by
our model system do not have a significant negative impact on the device performance. This further
implies that variations in the density of the TiO2 layer when using different deposition methods or
deposition rates are less important as long as the ESL fully covers the FTO substrate.

2. Materials and Methods

To prepare the ordered mesoporous TiO2 films, a modified protocol of the one described
by Ortel et al. [26] was used. However, instead of using triblock-based co-polymers, we used
the commercially available poly(butadiene(1,4 addition)-b-ethylene oxide diblock co-polymer
(P2952_BdEO, MW = 13,000 g/mol, Polymer Source Inc., Dorval, QC, Canada) in our study.
Two independent parameters were studied: (1) block co-polymer content (i.e., change in porosity), and
(2) layer thickness (while keeping the porosity constant).

The TiO2 dip coating sols were prepared accordingly: Titanium (IV) chloride (TiCl4 > 99%,
Fluka, Seelze, Germany) was initially diluted in ethanol (EtOH, >99.5%, ALTIA Plc, Helsinki, Finland)
while stirring in an ice bath to give a 1:16 molar ratio TiCl4:EtOH stock solution. Mixtures of EtOH,
Millipore water, and P2952_BdEO were also prepared. Subsequently, the TiCl4 stock solution was
added dropwise to the other solutions to produce dipping sols with the final molar ratios, as listed
in Table 1.

Table 1. Molar compositions for the dip coating sols used in this study.

Sol/Sample 1 TiCl4 EtOH H2O P2952_BdEO

Porosity series
Ti-0 1 32.5 8.4 0
Ti-6 1 36.6 9.5 5.88 × 10−6

Ti-12 1 48.5 12.6 11.8 × 10−6

Ti-21 1 67.9 17.6 21.2 × 10−6

Thickness series
Ti-21-0.8 1 56.2 14.6 21.2 × 10−6

Ti-21-1 1 67.9 17.6 21.2 × 10−6

Ti-21-2.5 1 169 43.7 21.2 × 10−6

1 The sample names in the porosity series (Ti-x) are derived according to the P2952_BdEO/TiCl4 molar ratios, where
x indicates the molar ratio × 106. In the sample names in the thickness series (Ti-21-y), the y parameter indicates the
relative solvent amount (H2O + EtOH) in comparison to the original Ti-21 sample.

Fluorine-doped tin oxide substrates (FTO, TCO22-15, Solaronix, Aubonne, Switzerland) with
dimensions 4 × 2 cm2 were sonicated in water, acetone, and 2-propanol for 10 min each. The samples
were subsequently dried in nitrogen flow and plasma-treated for 5 min before TiO2 film deposition.
The same cleaning protocol was used when microscope glass substrates (VWR international, cut into
2.5 × 2 cm2 pieces) were used. The substrates were then dip-coated with the sols described in Table 1
to produce two different series (i.e., change in porosity and change in film thickness, respectively).
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The dip coating was performed using a withdrawal speed of 85 mm/min at a relative humidity below
20%. The substrates were then kept at the same relative humidity in the dipping chamber for at least
5–10 min before they were transferred to the oven for calcination. The films were initially kept at 80 ◦C
for 4 h and then heated to 475 ◦C at a heating rate of 1 ◦C/min. The samples were held at 475 ◦C for
15 min and then allowed to naturally cool to 150 ◦C.

GI-XRD was performed on TiO2 films coated on top of FTO substrates using a Bruker AXS D8
Discover instrument. The measurements were performed between 24◦ and 40◦ using a step size of
0.04◦ and a grazing incidence angle of 0.3◦. The TOPAS P software (v. 4.2) was used to calculate
the TiO2 crystallite size using the Scherrer equation [27]. The same instrument was used for XRR
analysis of TiO2 films deposited on microscope glass slides instead of FTO substrates, as the high
roughness of FTO would distort the interference patterns of the TiO2 layer [23]. 2θ/ω scans were
performed with an increment of 0.002◦. The experimental data was fitted using the LEPTOS software
(v.7.03). FE-SEM was used to determine the morphology of the TiO2 films with different porosity
using a magnification of 100 kX, electron high tension of 2.70 kV, and an aperture size of 10 μm on a
Zeiss Leo Gemini 1530 instrument. MIS-CELIV measurements using poly(3-hexylthiophene) (P3HT,
Sigma-Aldrich, St. Louis, MO, USA) as charge injector layer were carried out to obtain information
about the interconnectivity of the porous structure. The measurement setup and sample preparation
are described in the Supplementary Information.

PSCs using the porous TiO2 ESLs were prepared accordingly: A 1.5 × 2 cm2 area from one
side of the 4 × 2 cm2 FTO substrates was selectively etched using Zn powder (Sigma Aldrich)
and 4 M HCl solution in water. The etched FTO substrates were subsequently sonicated in 2%
aqueous solution of Hellmanex III detergent, water, acetone and 2-propanol for 10 min each at
room temperature. The deposition of ordered porous TiO2 was performed by dip coating followed
by calcination using the protocol described above. Kapton tape was used to mask the back side
and the anode region of FTO substrate to avoid film deposition in those regions. Since there was a
risk that the porous TiO2 films might absorb water from the moist environment, the samples were
immediately transferred to a nitrogen glovebox once the samples had cooled down to 150 ◦C after
calcination. The cesium-containing triple-cation mixed-halide perovskite light absorber layer was
deposited by spin coating in combination with the anti-solvent method [3,28]. The mixed ion perovskite
precursor solution contains a mixture of formamidium iodide (FAI, Greatcell Solar, Queanbeyan,
Australia, 1 M), methylammonium bromide (MABr, Greatcell Solar, 0.2 M), lead iodide (PbI2, 99.99%,
TCI Europe, Zwijndrecht, Belgium, 1.1 M), and lead bromide (PbBr2, 99.99%, TCI Europe, 0.2 M)
dissolved in a 4:1 mixture of N,N-dimethylformamide (DMF, 99.8%, Sigma-Aldrich) and dimethyl
sulfoxide (DMSO, 99.9%, Sigma-Aldrich). A 1.5 M solution of cesium iodide (CsI, 99.999%, ABCR,
Karlsruhe, Germany) in DMSO was added to the above solution in a 1:19 volume ratio. This triple
cation perovskite solution was spin-coated using a two-step program at 1000 and 6000 rpm for 10
and 20 s, respectively. During the second step, 200 μL of chlorobenzene (99.8%, TCI Europe) was
pipetted onto the spinning substrate 5 s prior to the end of the program. The color of the films turned
dark orange upon addition of chlorobenzene. Upon placing the samples on a hot plate at 100 ◦C, they
turned dark brown within 10 s. Films were then annealed at the same temperature for 30 min. After
annealing, the samples were allowed to cool down to room temperature. Subsequently the HSL solution
was spin-coated on top of the perovskite layer at 4000 rpm for 30 s. The HSL solution composition
was based on spiro-OMeTAD (Luminescence Technology Corporation, New Taipei, Taiwan) as
the main component. Spiro-OMeTAD and 4-tert-butylpyridine (Sigma-Aldrich) were dissolved in
chlorobenzene. The required amount of stock solutions of lithium bis(trifluromethylsulfonyl)imide
(Li-TFSI, Sigma-Aldrich) and cobalt (III) tri[bis-(trifluromethane) sulfonamide] salt (FK209 Co
(III), Greatcell Solar) in acetonitrile (99.8%, Sigma-Aldrich) were added into the first solution to
obtain a molar composition of 1.0:0.5:2.5 × 10−2:3.3:131.5:7.2 (spiro-OMeTAD:Li-TFSI:FK209 Co
(III):4-tert-butylpyridine:chlorobenzene:acetonitrile). Finally, an 80-nm-thick gold layer was deposited
on top of the spiro-OMeTAD layer to form the back metal contact via evaporation at 2.5 × 10−5 bar.
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An evaporation rate of 0.1 Å/s was used for the first 10 nm, after which it increased to 0.2 Å/s until
20 nm. The rate of 0.8 Å/s was then used to evaporate further up to 80 nm. The shape of the gold
contacts was circular with a diameter of 0.6 cm, i.e., the contact area was 0.28 cm2.

The devices were characterized by measuring current density against voltage (J-V) scans using a
2636 Series Source Meter (Keithley Instruments, Cleveland, OH, USA) under simulated AM 1.5 sunlight
close to 100 mW/cm2 irradiance from an Oriel Class ABB solar simulator (150 W, 2” × 2”). The devices
were masked using a black metal mask with an aperture size of 0.126 cm2. The J-V scans were
performed between −0.3 V and 1.1 V at a scan speed of 10 mV/s, both in forward and reverse
sweep. Time-dependent measurements of the devices were also performed for 5 min to determine
the current densities close to their respective maximum power points (MPPs) under illumination
at 1 Sun. Furthermore, for UV-Vis spectroscopy and photoluminescence (PL) measurements, TiO2

films deposited on glass substrates were coated with perovskite using the same deposition protocol
as described above. The UV-Vis measurements were performed using a Perkin Elmer Lambda 900
UV-Vis/near infrared spectrometer. The samples were scanned in the λ range 500–900 nm and the
measurements were performed in the presence of standard reflectance standards. The slit size was 2 mm.
PL spectra were obtained with a FLS1000 spectrofluorometer (Edinburgh Instruments, Livingston,
UK). Time-resolved photoluminescence (TR-PL) decays were determined using a time-correlated
single photon counting (TCSPC) apparatus equipped with a Picoharp 300 controller and a PDL 800-B
driver for excitation and a Hamamatsu R3809U-50 microchannel plate photomultiplier for detection
in a 90◦ configuration. All samples were measured using a 648 nm excitation wavelength with an
excitation energy intensity of 40 μJ/cm2 while exciting from the perovskite film side. The PL decays
were monitored at 765 nm and well fitted with a bi-exponential function I(t) = A1·e(−t/τ1) +A2·e(−t/τ2),
where I(t) is the PL intensity at time t, Ax is the initial amplitude of component x (x = 1 or 2), and τ is
the exponential lifetime of component x [29,30].

3. Results and Discussion

3.1. Structural Properties of the TiO2 Thin Films

The TiO2 thin films dip-coated on top of FTO substrates were characterized using GI-XRD
to investigate the effect of block co-polymer content (i.e., film porosity) on the crystal structure.
The diffractograms shown in Figure 1 reveal that all the films consist of the anatase crystal structure
regardless of the amount of added block co-polymer. However, the declining peak intensity and
Scherrer analysis of the full-width half maximum of the (101) reflection indicate that the anatase
crystallite size decreases when higher block co-polymer amounts are used (see Table 2). The reflections
at 34.0◦ and 38.1◦ 2θ originate from the underlying FTO substrate.
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Figure 1. XRD diffractograms of TiO2 films with different block co-polymer content deposited on
FTO substrates. The (101) reflection of the anatase phase is indicated in the figure. The asterisks (*)
indicate reflections from the underlying FTO substrate. The diffractograms have been normalized to
the intensity of the FTO reflection at 38.1◦ 2θ as well as offset for clarity.

TiO2 films dip-coated on top of planar glass substrates were studied by X-ray reflectometry (XRR)
to estimate the porosity and the film thickness. Figure S1 in the Supplementary Information shows
the XRR interference patterns of TiO2 films with different porosities. The trends in the film density
and thickness as a function of block co-polymer concentration are listed in Table 2. The density of the
Ti-0 reference sample is lower than the literature value for a completely crystalline anatase material
(3.79 g/cm3). However, it is expected that nanocrystalline thin films have lower densities. With an
increase in block co-polymer concentration, the density of the films decreases, meaning that the porosity
originating from the block co-polymer template increases (up to 47% for the Ti-21 sample). We aimed
at keeping the film thickness constant at ~75 nm regardless of the block co-polymer content to be able
to directly relate the device performance to the porosity of the films. However, initial tests simply
by increasing the block co-polymer amount resulted in a rapidly increasing film thickness due to the
increasing viscosity of the dip coating sol. To compensate for this, a higher dilution in water and EtOH
was used for higher block co-polymer to TiCl4 ratios (see details in Table 1). Despite this adjustment,
a slight variation in film thickness was observed for the samples, ranging from 75 nm for the Ti-0
sample to 50 nm for the Ti-21 sample. Thus, in order to investigate the influence of the film thickness,
we made another series based on a fixed porosity. To produce the thinnest sample, 2.5 times more
solvent (EtOH and water) compared to the Ti-21 sample was used in the dipping sol (sample Ti-21-2.5),
while in order to produce the thickest sample, 80% of the original solvent amount was used (Ti-21-0.8).
The XRR measurements shown in Figures S1 and S2 in the Supplementary Information reveal that the
film thickness of the Ti-21-2.5 sample is ~20 nm, while the Ti-21-0.8 dipping sol produces a 75-nm-thick
TiO2 film. However, both films have a density of ~1.7 g/cm3, which is the same as for the original
50 nm-thick film (Ti-21-1.0).
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Table 2. Summary of the TiO2 film characteristics derived from XRD and XRR data.

Sample Crystallite Size (nm) Thickness (nm) Density (g/cm3) Porosity (%) 1

Ti-0 20 75 3.21 0
Ti-6 21 71 2.76 14.0
Ti-12 14 61 2.39 25.5
Ti-21 7 50 1.70 47.0

1 The porosity values for the block co-polymer-templated samples are calculated by relating their densities to the
non-porous Ti-0 reference sample.

The films deposited on FTO substrates were further characterized using top-view SEM imaging,
as shown in Figure 2. The Ti-0 sample shows a smooth granular surface with a grain size in the range
of 10–20 nm, which is expected from the crystallite size obtained from XRD analysis. However, for the
block co-polymer-templated films, pseudo-ordered mesoporous structures can be observed. The SEM
images show a reduction in pore wall thickness from ~27 nm to ~15 nm with the increase in block
co-polymer concentration, while the diameters of the pore openings remain roughly constant between
13 to 15 nm. At the bottom of some of the pores (highlighted in the dashed area in Figure 2c), spots
with comparably darker contrast can be seen. These spots indicate the second row of pores deeper
inside the TiO2 thin film. In the EISA process, the arrangement and interconnection of the spherical
block co-polymer micellar templates determine the final pore structure [24]. In our case, it is expected
that the mesopores have a body-centered-cubic (bcc) arrangement with pore shrinkage perpendicular
to the substrate [26]. The ellipsoidal pores are connected via narrow channels, through which the
combusted block co-polymer template escaped during the calcination process. This creates a tortuous
pathway down to the underlying substrate. Based on the information obtained from XRR, XRD, and
AFM, a schematic 2-D representation of the porous films can be constructed, as shown in Figure 3a.

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 2. Top-view SEM images of the (a) Ti-0, (b) Ti-6, (c) Ti-12, and (d) Ti-21 thin films made on FTO
substrates. The dark spherical features indicate pore openings, while the brighter areas represent the
surrounding TiO2 wall structure (see text for further details).
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(c) 

Figure 3. (a) A schematic 2-D representation of a porous TiO2 thin film deposited on top of a rough FTO
substrate (note that the dimensions are not to scale); (b) suggested pore filling behavior of perovskite
inside the porous TiO2 matrix: 1. Perovskite in contact with the perovskite capping layer, 2. direct
perovskite pathway from the capping layer to FTO, and 3. isolated perovskite inside the porous matrix;
(c) schematic illustration of the investigated device structures, where the TiO2 ESL is either dense
or porous.

To verify whether the underlying FTO substrate is accessible via the pores from the top, the
surface recombination velocity of holes at the FTO/TiO2 contact was determined in model devices
where the semiconducting polymer P3HT was coated on top of the different TiO2 films and the gold
contact was evaporated on top of the P3HT. Gold forms a hole-Ohmic contact to P3HT, whereas it is
well known that TiO2 is hole blocking. It is expected that the P3HT can fill the porous structures more
easily than the perovskite, and the more P3HT that is in direct contact with FTO the higher the surface
recombination would be, since FTO does not block holes [31–33]. The surface recombination velocity at
the TiO2/P3HT interfaces was determined using the MIS-CELIV technique [34]. The current transients
and calculated surface recombination rates for holes, SR, for compact and porous TiO2 films are shown
in Figures S3 and S4 in the Supplementary Information, respectively. For the Ti-0 sample, we obtained
SR ≈ 10−5 cm/s, which is slightly higher than previously reported values [34]. We also found that SR

increases with increasing porosity. The Ti-6 sample has a SR value one order of magnitude larger than
the Ti-0 sample, and when increasing the porosity to that of the Ti-21 sample, SR increases by another
order of magnitude. We attribute this sharp increase to P3HT reaching all the way through the porous
TiO2 films, down to the FTO, where holes will recombine much faster than at the TiO2/P3HT interface.
The sharp increase in SR even at low porosity would correspond to P3HT pathways forming down to
the FTO, and as the porosity increases, these pathways become more accessible and/or more numerous,
seen as a further increase in SR. This leaves us with the conclusion that the porous channels in the
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TiO2 films reaches all the way down to the FTO substrate. However, since these SR measurements are
limited to hole-only devices and low-mobility materials, this method cannot be used to further clarify
whether these porous channels are accessible to the perovskite layer. Earlier, it has been shown that the
substrate is readily accessible through thinner block co-polymer-templated TiO2 porous films [35,36].
Thus, we believe that the ordered mesoporous TiO2 films can be used as a model system for TiO2 ESLs
with narrow and well-defined pinholes.

3.2. Device Performance

In the next step, the non-porous reference sample (Ti-0) and the ordered mesoporous TiO2 films
with different porosities were used as ESLs in PSCs. The overall device configuration is schematically
illustrated in Figure 3c. In Figure 4a, representative J-V curves of devices made with TiO2 ESLs with
different porosities show that there are no large deviations in device performance as a function of
porosity. The corresponding dark curves are shown in Figure S5 in the Supplementary Information.
Furthermore, the PCE values of the devices (measured in the reverse sweep) are plotted in Figure 4b
and summarized in Table 3. The devices with a dense TiO2 layer (Ti-0) have a mean PCE of 13.1 ± 0.7%.
The reason for the lower PCE compared to previously reported values for planar PSCs based on
mixed perovskites [37] is mainly attributed to the relatively large active area (~0.13 cm2) and substrate
size, which creates a large series resistance in the device. However, the reproducibility of the device
performance is still very good, which is a prerequisite for this study.

Upon increasing the porosity in the TiO2 layer, the device efficiencies remain almost unchanged.
The highest average efficiency (13.8 ± 0.7%) can actually be achieved for the samples with the most
porous TiO2 layers (Ti-21). This is rather surprising, as the ordered pore structure percolates all the
way through the TiO2 films and reaches down to the underlying FTO layer. If the perovskite were to
be in direct contact with the FTO layer, one would expect shunt pathways and a considerable loss in
device performance [9]. However, it seems like these narrow pore channels prevent the formation of
detrimental perovskite pathways through the porous TiO2 to the FTO. After the high-temperature
calcination of the TiO2 films, they were immediately transferred to the glove box in order to avoid
contamination of the surface with volatile organics. Thus, the TiO2 pore surface is very energetic due
to surface hydroxyl groups and should be readily wetted by polar solvents like the ones used in the
perovskite precursor solution (DMF and DMSO). However, it is well known that the addition of the
anti-solvent (chlorobenzene) brings the perovskite precursor solution into supersaturation after which
a rapid perovskite crystallization commences. Our hypothesis is that the crystallization starts from the
top of the porous TiO2 structure. The initially formed perovskite will then obstruct the pore entrances
so that further precursor solution is not able to enter the pores upon solvent evaporation, but instead
contributes to the perovskite capping layer. Nonetheless, the precursor solution that initially occupies
the pores will be converted to perovskite upon annealing. However, as the resulting perovskite material
is estimated to only occupy 15–20 vol.% in relation to the volume of the starting precursor solution
(the solvents occupy the rest of the volume); this is scarcely enough to form percolating networks
throughout the pore system. Instead, due to limited adhesion of the formed perovskite on the TiO2

surface, isolated islands of perovskite will be created inside the pore system. The suggested pore filling
behavior is schematically illustrated in Figure 3b. Relating these results to the perovskite filling of
nanoparticle-based mesoscopic TiO2 layers, the more accessible pores of those structures would allow
for a considerably higher pore filling degree. In that case, an additional compact TiO2 layer is needed
to avoid direct shunt pathways between the perovskite and FTO [23,38]. This further suggests that also
the pore size could affect the pore filling degree as one would expect less pore entrance obstruction by
the perovskite when the pore size is larger.
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(b) (c) 
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Figure 4. (a) Representative J-V curves in forward (dashed lines) and reverse (solid lines) sweep
for devices with increasing porosity in the TiO2 layer. The solar cells were measured at a scan rate
of 10 mV/s and AM 1.5 G illumination with light intensity of 100 mW/cm2; Changes in (b) device
efficiencies, (c) JSC, (d) VOC, and (e) FF for devices measured in reverse sweep with increase in porosity
in the TiO2 layer.

In the reverse sweep, it can be observed that the short circuit current (JSC) slightly increases with
porosity (from 17.5 mA/cm2 to 18.5 mA/cm2 for the Ti-0 and Ti-21 samples, respectively). On the other
hand, the open circuit voltage (VOC) marginally drops from 1.11 V to 1.09 V for the same set of samples.
The opposing trends in JSC and VOC explain the rather constant PCE values regardless of porosity in
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the TiO2 ESL layer. When comparing UV-Vis absorption data of TiO2 films coated with perovskite
(see Figure S6 in the Supplementary Information), the absorption of the perovskite in the 500–750 nm
wavelength range is virtually the same for all samples with a standard deviation of ~1% at λ = 700 nm.
Due to the thinness of the TiO2 films, we expect optical effects like increased reflectance or optical
interference to be small [39,40]. Thus, the UV-Vis results further support that the perovskite located in
the pore systems is proportionally low. The slight increase in JSC with porosity could, however, be a
result of more continuous perovskite pathways inside the pores at higher porosities, as illustrated in
Figure 3b (case 1). Charges generated in isolated perovskite crystals inside the pores would normally
recombine (case 3), but if more continuous pathways were to form, these charges could be extracted,
and thus increase JSC. This could also explain the drop in VOC, as there will be a greater possibility
that direct (shunt) pathways are formed between the perovskite capping layer and the FTO as the
continuity in the perovskite pathways increase (case 2). As schematically illustrated in Figure 3b, we
believe that such perovskite pathways can be formed in thinner regions of the TiO2 layer caused by the
high surface roughness of FTO.

To evaluate the TiO2 porosity-influenced electron-injection process from the perovskite conduction
band (CB) to the CB of the TiO2 layer, steady-state photoluminescence (PL) experiments on
glass/perovskite and glass/TiO2/perovskite samples with different porosities of the TiO2 layer
were conducted. Figure S7 shows a clear PL quenching effect for all perovskite coated TiO2 films.
The calculated PL quenching efficiency (PLQE), or in other words, the electron-injection yield, is
increasing with decreasing porosity, suggesting that a lower porosity of the TiO2 layer is more favorable
for an efficient electron injection process. We now turn to assess the influence of the porosity of
the TiO2 films on the charge transfer dynamics at the perovskite/TiO2 interface. Figure S8 shows
TR-PL decays (obtained via TCSPC measurements) of the perovskite with and without coated TiO2

films with different porosities together with the extracted bi-exponential fitted data of the PL decays.
All PL decays of the perovskite-coated TiO2 films show acceleration compared to that of the pristine
perovskite on glass reference, suggesting that the interfacial electron injection has occurred for all
cases of perovskite/TiO2 films, which is also consistent with previous PL quenching data. A clear
deceleration of the decay profiles is observed with increasing porosity, although the decay lifetimes for
the samples with the highest porosities (Ti-12 and Ti-21) are virtually identical. Based on the reported
global analysis methods [41–43], we attribute the first component (A1, τ1) to the trap-state-mediated
recombination, while assigning the second component (A2, τ2) to the nongeminate free carrier (electron
and hole) recombination and electron injection process from the CB of the excited perovskite to that of
the TiO2 film. It is evident that the second component dominates the overall decay process, suggesting
that a low porosity is more favorable for suppressing charge recombination, which in turn results
in the enhanced VOC [44]. Another possibility for the change in VOC is that the increased porosity
can generate more traps on the TiO2 structure, leading to a deepening of the TiO2 CB, which could
intrinsically lower the VOC [30,45].

Table 3. Mean values and standard deviations of photovoltaic parameters measured in reverse sweep
of all type of devices.

Sample Thickness (nm) No of Devices JSC (mA/cm2) VOC (V) FF PCE (%)

Ti-0 75 13 17.6 ± 0.4 1.11 ± 0.02 0.67 ± 0.03 13.1 ± 0.7
Ti-6 71 18 17.8 ± 0.4 1.10 ± 0.02 0.68 ± 0.03 13.3 ± 0.9
Ti-12 61 13 17.8 ± 0.5 1.10 ± 0.01 0.66 ± 0.03 13.0 ± 0.8
Ti-21 50 19 18.1 ± 0.5 1.09 ± 0.01 0.70 ± 0.03 13.8 ± 0.7

Ti-21-0.8 75 8 17.8 ± 0.3 1.05 ± 0.01 0.69 ± 0.02 12.9 ± 0.4
Ti-21-1.0 50 6 18.1 ± 0.1 1.08 ± 0.01 0.72 ± 0.004 14.1 ± 0.2
Ti-21-2.5 20 7 17.2 ± 2.0 1.01 ± 0.09 0.63 ± 0.11 11.0 ± 2.9

Furthermore, the fill factors (FF) in reverse sweep (Figure 4e) show quite similar values for all
porosities in the range of 0.67–0.70. However, when comparing the device hysteresis, larger differences
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are observed. As seen in Figure 4a, the device based on the dense reference TiO2 layer (Ti-0) displays
an s-shaped feature in the forward sweep, which is not observed in the reverse sweep. This results in a
high hysteresis index for the device (~12%). S-shapes and high hysteresis are commonly observed for
planar TiO2-based devices [8,9]. The s-shape is indicative of an unstabilized power output and caused
by polarization of the device (most likely due to diffusion of ionic species) [46]. Upon inducing pores
in the ESL, the s-shape in the forward sweep disappears, which has also been observed when shifting
from planar to mesoscopic TiO2-based devices [46]. The hysteresis between the forward and reverse
sweeps remains high (in the range of 8–10%), but the FF in the forward sweep is significantly improved
upon inducing porosity in TiO2 films. This is also evident from the time-dependent current density
measurements performed close to the maximum power point (MPP) under illumination, shown in
Figure S9 in the Supplementary Information. The device based on a dense TiO2 film requires more
time to stabilize close to the MPP than the devices based on porous TiO2 films. With further increase in
porosity, stabilization of the current at MPP is even faster, while the magnitude of current density at
the MPP is also slightly enhanced. This correlates well with the J-V curves, as an improvement in JSC

was observed in Figure 4a,c.
As mentioned earlier, the thickness of the TiO2 films decreases slightly when more block co-polymer

amounts were used, i.e., from 75 nm for the Ti-0 sample to 50 nm for the Ti-21 sample. We are aware that
the device performance could be affected when the thickness of the TiO2 layer is altered, due to small
changes in the charge transport properties or optical effects. Nonetheless, we consider the samples in
porosity series to be “thick enough”, as they are all equal to or thicker than 50 nm. This is important, as
it rules out the possibility that there are bare patches of FTO exposed in our devices [23]. To verify that
the observed device change is an effect of the porosity rather than a change in thickness, we also made a
series where the thickness of the TiO2 ESL was varied, while keeping the block co-polymer to TiCl4 ratio
the same as in the Ti-21 sample. When comparing the J-V characteristics and the efficiencies in the box
chart diagram in Figure 5, all thicknesses of the porous ESL display good average device performances.
The devices prepared using the 75 nm-thick porous TiO2 films (Ti-21-0.8) perform slightly worse (PCE
= 12.9%) than those prepared using the 50 nm porous TiO2 ESL (PCE = 14.1%). This suggests that
small thickness variations can indeed also be important for optimized performance for this device
structure; however, the reduced VOC trend can still be observed when comparing this Ti-21 batch to
the devices with less porous TiO2 layers in Table 3. For instance, the non-porous Ti-0 sample and the
highly porous Ti-21-0.8 sample have the same film thickness (75 nm) and devices made from these
samples possess roughly the same efficiency (~13%). However, when comparing the VOC values for
these two samples, it is clear that the VOC is substantially lower for devices based on the porous TiO2

layer (1.05 V compared to 1.11 V). This is most likely attributed to increased charge recombination as
suggested by the TR-PL data. It is noteworthy that even the devices based on a ~20 nm-thick porous
TiO2 layer (Ti-21-2.5) display a decent average device efficiency (PCE = 11.0%). However, as seen from
the scattered PCE data points in the box diagram as well as the larger standard deviations in Table 3,
the thinnest sample clearly suffers from poor reproducibility (see also Figure S10 for the statistics
of the photovoltaic parameters). As the porosity is roughly the same for the different thicknesses, a
similar interconnectivity of the perovskite inside the pores is to be expected. Thus, the main difference
between the 75 nm (Ti-21-0.8) and 50 nm (Ti-21-1.0) samples is more likely that the thicker ESL is
not able to extract electrons as well as the thinner layer, which is seen as a slightly lower PCE [9].
Furthermore, an ESL layer that is too thick can also reduce the light transmittance due to stronger
light scattering and greater absorption of photons with energies higher than that of the ESL band gap,
and this reduces the photon absorption by the active layer [47,48]. However, when the porous layer
becomes thin enough, as in the Ti-21-2.5 sample, more direct shunt pathways are to be expected as
the pore channels become shallower perpendicular to the FTO substrate. The large scattering of data
points suggests that in some TiO2 layers, very few such pathways can be achieved, while others suffer
severely from direct shunt pathways. In ultrathin TiO2 layers, shunt pathways can also arise from
direct contacts between the perovskite and bare patches of FTO due to incomplete surface coverage of
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the ESL. We previously reported that compact TiO2 layers prepared by the dip-coating method need to
have a thickness of at least ~30 nm to work optimally in mesoscopic PSCs [23]. However, in the planar
configuration, the TiO2 layer probably needs to be somewhat thicker (~50 nm) to avoid this kind of
pinholes in the devices.

 
(a) (b) 

Figure 5. (a) J-V curves for representative devices based on TiO2 ESLs with the highest porosity with
different thicknesses. Dashed lines indicate forward sweep and solid lines reverse sweep; (b) box chart
for the efficiencies in reverse sweep.

4. Conclusions

We introduced a model system for pinholes in TiO2-based ESL layers using block
co-polymer-templated thin films with well-defined pore structures. We believe that the investigated
system predicts morphological defects, such as narrow pinholes, well. We observed that such pinholes
have a very small effect on the overall device performance most likely due to the fact that very few
direct pathways of perovskite reach the FTO substrate through the ordered pore system. We saw
a slight improvement in JSC for layers at large porosities as well as a drop in VOC with increasing
porosity. A more interconnected pathway of perovskite forming in the pores when the porosity is
high can explain both effects. Larger effects on the device performance are expected if the pore size
were to be larger or if the pore structure were to be more open, and we plan to investigate these
parameters in a follow-up study. Furthermore, for ultrathin (~20 nm) porous layers, additional direct
shunt pathways due to an incomplete ESL surface coverage of the FTO layer further deteriorates the
device performance.
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velocities, Figure S5: J-V scans under dark conditions, Figure S6: UV-vis absorption measurements, Figure S7:
Steady-state PL measurements, Figure S8: TR-PL measurements, Figure S9: Time-dependent current density
measurements, Figure S10: Box charts for photovoltaic parameters of devices where the ESL thickness has
been varied.
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Abstract: We report the formation of mesoporous films consisting of SBA-15 particles grown directly
onto substrates and their usage as catalysts in esterification of acetic acid and ethanol. The film
thickness was altered between 80 nm and 750 nm by adding NH4F to the synthesis solution.
The salt also affects the formation rate of the particles, and substrates must be added during
the formation of the siliceous network in the solution. Various substrate functionalizations were
tested and hydrophobic substrates are required for a successful film growth. We show that large
surfaces (> 75 cm2), as well as 3D substrates, can be homogenously coated. Further, the films were
functionalized, either with acetic acid through co-condensation, or by coating the films with a thin
carbon layer through exposure to furfuryl alcohol fumes followed by carbonization and sulfonation
with H2SO4. The carbon-coated film was shown to be an efficient catalyst in the esterification reaction
with acetic acid and ethanol. Due to the short, accessible mesopores, chemical variability, and
possibility to homogenously cover large, rough surfaces. the films have a large potential for usage in
various applications such as catalysis, sensing, and drug delivery.

Keywords: mesoporous silica; mesoporous films; direct growth; esterification; material formation

1. Introduction

Mesoporous silica films are of large interest in applications such as sensing, catalysis, and drug
delivery [1–6]. Their large surface area, tunable pore characteristics, and versatile surface functionality
are attractive features. For some applications, ordered cylindrical pores are preferable over spherical [7]
or wormlike [8] pores. SBA-15 is a type of mesoporous silica with hexagonally ordered, cylindrical
pores [9]. By alterations in the synthesis conditions, e.g. addition of swelling agents or altered reaction
temperature, the pores can be increased from the regular ~8 nm to > 18 nm [10,11], and the particle
morphology changed from fibers to rods or platelets [11,12]. This makes the material attractive
in, e.g., catalysis [13,14], enzyme immobilization [15], and sensing [16]. However, the synthesis of
mesoporous films using SBA-15 structures most often results in long pores that are aligned parallel to
the substrate [17], making them inaccessible.

The most common method for synthesizing SBA-15 films is evaporation-induced self-assembly
(EISA) [18], where an ethanol-containing solution is deposited onto a substrate using spin- or
dip-coating. The method can be used on large substrates with various compositions, but is limited,
as the dipping angle is crucial for the film thickness [19], resulting in non-homogenous coatings on
non-flat substrates, and pores larger than 10 nm are rare [20]. Recently, methods have been developed
for depositing thin layers of pre-synthesized mesoporous silica particles on substrates, e.g., by spinning
them onto a substrate [21], or using Langmuir-Blodgett deposition [22], making also cylindrical pores
easily accessible. However, these films consist of separated particles located on the substrate, which
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results in poor mechanical integrity. In addition, the method requires flat substrates, which makes
it less attractive for many applications. It is possible to bind the particles to a substrate through
covalent linking [5], but this is a time-consuming procedure, with functionalization of both particles
and substrates. A different direct growth (DiG) method, to form a monolayer of SBA-15 particles
adhered to a substrate using a simple one-pot synthesis method, was recently reported [23]. This
method yields densely packed, separate particles with short, accessible pores for gases and liquids,
despite having the pores running parallel to the substrate surface.

In the present study, we show that mesoporous films with controlled thickness can be synthesized
by growing monodispersed SBA-15 particles onto substrates. The effect of substrate functionalization,
as well as the formation of the films, are investigated, and we show that it is possible to form mechanically
stable films on large and rough surfaces. Functionalization of the films using co-condensation and the
possibility to coat the films with a carbon layer through exposure of furfuryl alcohol vapor, forming
CMK-5 [24], are investigated to study the variability of the films. To explore the accessibility of the pores,
the film is tested as a catalyst for esterification of acetic acid and ethanol. The DiG-technique can be
suitable for synthesizing mesoporous coatings for, e.g., catalysts, sensors, or medical implants.

2. Materials and Methods

2.1. Reagents

Hydrochloric acid (≥37%, puriss. p.a., Fluka, ACS Reagent, fuming), triblock copolymer
EO20PO70EO20 (P123) (Mn ~5800, Aldrich, ammonium fluoride (≥ 98.0%, puriss. p.a., ACS
reagent, Fluka), tetraethyl orthosilicate (TEOS)(reagent grade, 98%, Aldrich), heptane (99%,
ReagentPlus®, Sigma-Aldrich), (3-Mercaptopropyl)trimethoxysilane (MPTMS) (Aldrich), hydrogen
peroxide (≥35% at RT, purum p.a., Sigma-Aldrich), octadecyltrichlorosilane (OTS) (≥ 90%, Aldrich),
chlorotrimethylsilane (TMCS) (≥ 99%, Aldrich), (3-Aminopropyl)trimethoxysilane (APTMS) (97%,
Aldrich), toluene (≥ 99.5%, Sigma-Aldrich), nitric acid (≥ 64–66%, Sigma-Aldrich), sulphuric acid
(95.0–98.0%, ACS Reagent, Sigma-Aldrich), glycerol (≥ 99.0%, Sigma-Aldrich), acetone (≥99.9%,
Sigma-Aldrich), 1,6-diisocynanatohexane (98%, Aldrich), ethanol (95%, Kemetyl), ethanol (99.5 %,
Solveco), furfuryl alcohol (98%, Aldrich), methanol (99.8%, Sigma-Aldrich), and benzene (purity ≥
99.7%, Sigma-Aldrich)) were purchased from Sigma-Aldrich, Stockholm, Sweden, and used as received.

2.2. Syntheses

2.2.1. Functionalization of Substrates

OTS-functionalized Si wafers were used as substrates for the DiG films [23]. Prior to
functionalization, organic contaminants on the substrates were removed from the surface with standard
Radio Corporation of America (RCA) cleaning fluid (H2O:H2O2:NH3 in a volume ratio of 5:1:1 at
85 ◦C for 10 min), washed with water, and then treated with nitric acid at room temperature for 5 min.
The substrates were then washed with large amounts of water and dried with compressed N2 gas.
The OTS was grafted onto the substrates by immersing them in a heptane solution with 1 mM OTS at
18 ◦C for 15 min. After the OTS treatment, the substrates were rinsed with heptane, dried at 200 ◦C for
2 h, and stored in heptane until usage.

Details of the additional functionalization methods used are presented in the Supplementary
Materials.

2.2.2. Film Synthesis

The films were grown following a modified protocol from Björk et al. [23]. In a typical synthesis,
2.4 g of P123 and a specific amount (0–28 mg) of NH4F were dissolved in 80 mL of 1.84 M HCl solution
at 20 ◦C. The mixture was stirred in a round bottom flask until the reagents were dissolved. 5.5 mL of
TEOS and 1 mL heptane were premixed and added to the micellar solution under stirring for 4 min,
followed by static conditions overnight. During this static time, substrates were immersed in the
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solution at specific time intervals, depending on the amount of NH4F used. The substrates were
transferred to a sealed polytetrafluorethylene (PTFE) flask, while still being submersed in the solution,
and placed in an oven at 100 ◦C for 24 h for hydrothermal treatment. The products were collected
by filtration, rinsed with deionized water, and dried at ambient temperature overnight. For template
removal, both the films and powder were calcined in air at 550 ◦C for 5 h with a 2 ◦C/min ramp rate.
The materials are labelled SBA-15_X, where X is the NH4F/P123 molar ratio.

2.2.3. Direct Sulfonation (SBA-15-DS)

Films with sulfonic acid groups were synthesized by adding MPTMS and H2O2 during the
particle formation, following the protocol by Margolese et al. [25]. A double batch of SBA-15_0.0
was synthesized, and when the stirring was turned off, the solution was divided into six beakers.
In five beakers, 0.17 mL of MPTMS and 0.27 mL of H2O2 were added to the synthesis solution at
different times (1–20 h) after the TEOS addition. These materials are labelled SBA-15_0.0_YDS, where
Y corresponds to the hours between the addition of TEOS and MPTMS + H2O2. For these materials,
the P123 was removed by ethanol extraction, as described in the Supplementary Materials.

2.2.4. Carbon Infiltration and Sulfonation (SBA-15-CMK-5)

To get an even distribution of carbon species in the films, the carbon infiltration was performed
by exposing the silica films to furfuryl alcohol vapor. Calcined SBA-15_0.0 was exposed to alcohol
vapor from furfuryl alcohol (5 mL) in a closed atmosphere at 40 ◦C overnight. The composites were
then kept in a furnace at 100 ◦C overnight to ensure an even distribution of furfuryl alcohol into the
mesopores, and to polymerize the alcohol. The material was then transferred to a nitrogen purged
tube furnace at 800 ◦C for 1 h. Pyrolysis of the polymer during the heat treatment resulted in a thin
carbon layer on the mesoporous silica walls.

The carbon infiltrated SBA-15 was sulfonated according to previous reports [13,26]. Briefly, 0.5 g of
SBA-15-CMK-5 was mixed with 25 mL of H2SO4 and heated to 80 ◦C under reflux overnight. After the
reaction, the solution was cooled down to room temperature, rinsed with large amounts of deionized
water, and collected by filtration. The SBA-15-CMK-5-SO3H was finally dried at 80 ◦C overnight.

2.3. Characterization

The material morphology was observed by scanning electron microscopy (SEM), using a Leo 1550
Gemini Scanning Electron Microscope (Zeiss) operated at 3 kV and a working distance of 3–5 mm. The pore
characteristics were determined for all powders using N2 sorption with an ASAP2020 (Micromeritics)
at −196 ◦C. The specific surface area was determined with the BET method at P/P0 = 0.8–0.18, and the
total pore volume was calculated at P/P0 = 0.98. The pore size was calculated using the KJS method at
the adsorption isotherms. Small angle x-ray diffraction (SAXRD) was used to identify the pore order.
Diffractograms were recorded with an Empyrean diffractometer from, in transmission mode using Cu
Kα radiation (Malvern Panalytical). The pore structure was further visualized by transmission electron
microscopy (TEM) performed with a Tecnai G2 TF 20 UT microscope operated at 200 kV (FEI). TEM
samples were prepared by dispersing the product in acetone and depositing it on hollow carbon grids.

The contact angle of the functionalized substrates was determined by contact angle measurements
using a CAM 200 Optical Contact Angle Meter (KSV Instruments). The measurements were performed
using a 2 μL droplet of distilled water, which was placed in the middle of the substrate. Three
independent measurements were conducted for each substrate.

Determination of sulfonic acid groups was performed using acid-base titration. For the
silica-based samples, 0.10 g of the material was mixed with deionized water, followed by direct
acid-base titration with a 0.005 M NaOH solution. For the SBA-15-CMK-5-SO3H, the catalyst was
mixed with 30 mL 0.1 M Na2SO4 to react with the sulfonic groups, forming bisulfate, 4 h prior to the
acid-base titration. The bisulfate reacted with the NaOH, giving rise to the total amount of sulfonic
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acid groups. Other acid groups (carboxylic, phenolic, lactonic) are less acidic than sulphate, and do not
create bisulfate upon exposure to sulphate ions [27]. The number of acidic groups was calculated as

nac = VNaOH × [NaOH] (1)

2.4. Esterification Reaction

The catalytic activity of an SBA-15-CMK-5-SO3H DiG film is shown in an esterification reaction
with acetic acid and ethanol. In the reaction, 25 mL of ethanol and 10 mL of acetic acid was
mixed and heated to 80 ◦C under stirring in a closed beaker. A 4-inch silicon wafer coated with
SBA-15_CMK-5_SO3H cut in pieces was added to the mixture. 1 mL aliquots were removed from
the solution at specific time points and mixed with deionized water to terminate the reaction.
The conversion of acetic acid was determined by titration with a 1 M NaOH solution, and the
equivalence point was found using a pH electrode. The conversion was calculated using

X (%) = (molHAcinitial − molHAcend)/molHAcinitial × 100 (2)

As a reference, the reaction was also performed without the presence of a catalyst.

3. Results

3.1. Film Growth

Films were synthesized with various NH4F concentrations in the solution. The particle sizes, both
on the substrates and in the solution, as well as film thickness, were affected by the salt concentration,
as seen in Figure 1. It was clear that densely packed films could be grown independent of the NH4F
concentration. The particle size, both on the substrate and in powder form, was affected by the salt
concentration. The particles became narrower, from platelets (Figure 1e,f) to rods (Figure 1g,h), with
an increasing NH4F to P123 molar ratio. The particle narrowing was consistent with the results from
Björk et al. [12], and was a result of the decreased solubility of the polyethylene oxide (PEO) chains of
P123 when the NH4F concentration increases. The TEM micrographs show cylindrical pores, ordered
in a hexagonal structure, for all NH4F concentration. The pore orientation supported that side-by-side
attachment of the micelles causes the particle broadening.

 
Figure 1. SEM micrographs of films (first row) and particles (second row), and TEM micrographs of
particles (third row) synthesized with a NH4F to P123 molar ratio of (a,e,i) 0.0, (b,f,j) 0.4, (c,g,k) 0.9,
and (d,h,l) 1.8.
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The relation between the width of the film particles and the film thickness is presented in Figure 2.
It is apparent that the film thickness and particle width follow the same trend, even though the film
thickness is a factor of 2–3 times smaller than the particle width. Nitrogen sorption isotherms, SAXRD
diffractograms, and the corresponding physicochemical properties of the SBA-15 powders from the
film syntheses are available in the Supplementary Materials (Figure S1 and Table S1). These results
show that the pores were cylindrical and ~10 nm in diameter. The x-ray diffractograms show three
well-resolved peaks for all materials, confirming the hexagonal ordering of the pores.

 
Figure 2. The relation between film thickness and particle width for different direct growth (DiG) films
synthesized with various NH4F to P123 molar ratios.

To study the mechanism for a successful film growth, substrates were added at different times,
depending on the formation rate. It is well known that the formation rate of SBA-15 is affected by
addition of NH4F, where higher concentrations of salt give a faster formation rate [12,28]. The substrate
addition times yielding the desired film morphology and its correlation to the formation stages of the
material are presented in Figure 3. The films were evaluated by SEM, and successful film growth is
here defined as a homogenous layer of densely packed particles on the substrate, see the first row in
Figure 1.

 
Figure 3. The window for substrate addition for a dense film growth and its correlation for material
formation stages (Adapted from [28]).

3.2. Surfactant Removal

The choice of micelle removal technique can be used to tailor the material characteristics, e.g.,
pore size, silanol group concentration, or survival of co-condensed functional groups. Figure 4. shows
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SBA-15_0.4 films where the surfactant was removed with various methods: calcination, ethanol
extraction [9], H2O2 oxidation [11], and methanol sonication [29]. The removal techniques are
presented in the Supplementary Materials. It is clear from Figure 4a,b,d that surfactant removal by
calcination, ethanol extraction, and methanol sonication did not affect the film morphology. However,
H2O2 oxidation (Figure 4c) removed the particles from the substrate, resulting in a nearly naked
substrate surface.

 
Figure 4. SEM micrographs of DiG_0.4 films where the surfactant was removed by (a) calcination,
(b) ethanol extraction, (c) H2O2 oxidation, and (d) methanol sonication.

3.3. Substrate Effects

Several types of substrate functionalizations were used here to study the requirements for film
growth. The methods for functionalization of silicon wafers with P123, sulfonic acid, thiol groups,
amino groups, octadecyl groups, and methyl groups are presented in the Supplementary Materials.
The contact angles for the films and SEM micrographs of the grown films are presented in Figure 5. No
contact angle value is presented for the clean wafer with silanol groups, since it was so hydrophilic
that no angle could be determined. As can be seen, dense DiG films (SBA-15_0.0) could only be
grown on substrates functionalized with octadecyl or methyl groups (Figure 5f,g), which are the most
hydrophobic substrates. The silanol and P123 functionalized substrates also held a number of small
SBA-15 particles (Figure 5a,b), while the substrate with sulfonic acid, thiol, and amino groups mainly
consisted of a tissue phase and some particles (Figure 5c–e).

 
Figure 5. SEM micrographs of DiG_0.0 films grown onto substrates functionalized with (a) silanol
groups (b) P123, (c) sulfonic acid, (d) thiol groups, (e) amino groups, (f) octadecyl groups, (g) methyl
groups, and (h) the contact angle for the corresponding substrates.

Figure 6 shows that it was possible to grow films with the DiG method on rough and large area
substrates. An SBA-15_0.0 film was grown on a silicon wafer that was blasted with alumina sand,
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creating a rough surface, prior to the OTS functionalization. Figure 6a shows a dense film coverage of
the rough substrate surface, where particles are grown on all surfaces, independent of incline. Also,
a full 4-inch silicon wafer was coated with SBA-15_0.0, resulting in a homogenous film across the
substrate (Figure 6b). The substrate addition time for both syntheses was 16 min after TEOS addition.

 
Figure 6. (a) SEM micrograph of a SBA-15_0.0 DiG film grown on a blasted substrate, and (b) a
photograph of (top) a SBA-15_0.0coated and (bottom) clean 4 inch silicon wafer.

3.4. Functionalization

SBA-15_0.0 films were functionalized with sulfonic acid using MPTMS and H2O2 during a
co-condensation process during the material formation. The SBA-15_0.0 synthesis was chosen since
it has the lowest formation rate, and a mixture of MPTMS and H2O2 was added to the synthesis
mixture after 1, 2, 4, and 20 h into the reaction. The morphology of the functionalized particles
and films are shown in Figure 7 and it can be observed that the addition time affected the material
characteristics. When the MPTMS/H2O2 was added 1 h into the synthesis, the particles were small
and aggregated resulting in inhomogeneous coverage of the substrate surface. The film consists of
a tissue phase with sparsely attached particles (Figure 7b). When the reagents were added after 2 h,
the platelet morphology had started to form (Figure 7c), but the particles were narrower compared
to the original SBA-15_0.0, and in addition, small spherical features coexisted. The corresponding
films consisted of particles, but it was apparent that these were smaller and not as developed as the
unfunctionalized films in Figure 1a. When the MPTMS/H2O2 was added after 4 h, both the particle
and film morphologies (Figure 7e,f) resembled the unfunctionalized materials. Finally, when the
functionality was added after 20 h, i.e., directly prior to the hydrothermal treatment, the particle
morphology was unaffected, but the appearance of the films was fuzzy, as if the particles had been
covered with an additional layer (Figure 7g,h).

The acidity and physicochemical properties of the materials are presented in Table 1. Nitrogen
sorption isotherms and small angle x-ray diffractograms are provided in the Supplementary Materials
(Figure S2). The small angle x-ray diffractograms show three peaks, confirming a hexagonal order of
the pores, also for the sulfonated materials. The less intense 110 and 200 peaks of SBA-15_1DS indicate
a lower degree of order compared to when functionalization was performed later in the synthesis.
The highest numbers of acidic groups were found in the materials functionalized after 1 and 4 h after the
TEOS addition with 0.024 mmol/g and 0.020 mmol/g, respectively, compared to 0.003 mmol/g without
functionalization. The addition of the reagents after 2 h and prior to the hydrothermal treatment had a
negligible effect on the acidity of the materials compared to unfunctionalized SBA-15_0.0. It should be
noted that the acidity was only measured on the powder materials, due to the small material amount
on the substrates.
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Figure 7. SEM micrographs of SBA-15_0.0 films (first row) and particles (second row) functionalized
by co-condensation (a,e) 1 h, (b,f) 2 h, (c,g) 4 h, and (d,h) 20 h after the addition of TEOS.

Table 1. Physiochemical properties and acidity of the functionalized materials.

Material
Specific

Surface Area
(m2/g)

Pore Size
(nm)

Pore
Volume
(cm3/g)

Unit Cell
Parameter

(nm)

Acidic Sites
(mmol/g)

SBA-15_0.0_no DS a 920 11.2 1.19 13.6 0.003
SBA-15_0.0_1DS 948 8.9 1.10 11.2 0.024
SBA-15_0.0_2DS 898 10.2 1.11 12.6 0.009
SBA-15_0.0_4DS 870 10.4 1.07 13.6 0.020

SBA-15_0.0_20DS 951 11.3 1.22 14.1 0.008
SBA-15_0.0_carbon temp b 697 9.8 0.86 12.9 -

SBA-15_0.0_CMK-5 521 9.4 0.68 12.4 -
SBA-15_0.0_CMK-5_SO3H 462 9.3 0.63 12.5 0.191

a Reference SBA-15_0.0 from the same batch as the directly sulfonated materials. b SBA-15_0.0 template for the
carbon infiltration.

To study the versatility of the DiG films, an SBA-15_0.0 film was functionalized with a thin carbon
layer on the pore walls, similar to CMK-5 [24]. To form the carbon layer, the films were exposed to
furfuryl alcohol vapor, instead of the commonly used induced incipient wetness impregnation, since
the incipient wetness technique yielded carbon aggregates on the film surface (data not shown). As can
be seen in Figure 8a, the film morphology was kept during the carbonization process. However, the
unit cell was shrinking during the carbonization, most probably due to densification at 800 ◦C. Nitrogen
adsorption (Figure 8b) indicated that the carbon infiltration resulted in a ~2 Å thick coating, seen as a
reduced surface area and pore size compared to the parent SBA-15_0.0, see Table 1. The silica/carbon
film was further functionalized by exposure to H2SO4, which resulted in a 0.191 mmol/g of sulfonic
acid sites.

 
Figure 8. SEM micrograph of (a) SBA-15_0.0_CMK-5, and (b) pore size distributions and physisorption
isotherms of SBA-15_0.0, SBA-15_0.0_CMK-5, and SBA-15_0.0_CMK-5_SO3H.
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3.5. Catalytic Performance

To confirm the success of carbon infiltration and functionalization, a 100 mm silicon wafer coated
with an SBA-15_CMK-5_SO3H DiG film was prepared. This model system was then tested as a catalyst
for esterification of acetic acid and ethanol. The conversion of acetic acid with and without a catalyst
is presented in Figure 9. When the film was used as a catalyst, nearly 30 % of the acetic acid was
converted within one hour, which was a significant increase compared to the ~5 % conversion when
no catalyst was used.

 
Figure 9. Conversion of acetic acid in the esterification reaction with ethanol at 80 ◦C, with and without
a DiG film catalyst.

The catalytic reaction was repeated with a new solution after cleaning the catalyst with water and
ethanol. An acetic acid conversion of 11.5 % was obtained in the second cycle. The morphologies of
the used films are shown in Figure 10. A majority of the film was intact, except for some areas where
particles are removed.

 
Figure 10. SEM micrographs of SBA-15_0.0_CMK-5_SO3H after (a) one cycle and (b) two cycles in the
esterification reaction.

4. Discussion

4.1. Film Formation

This work shows that it is possible to synthesize DiG films with various thicknesses, which is of
interest from an application view point, especially since the films are formed as separate particles with
easily accessible pores, also close to the substrate. It has previously been shown that NH4F can be used
to control the morphology of SBA-15 particles [10,12], and it is apparent from Figure 2 that the film
thickness is correlated to the particle width when the salt concentration is altered. This shows that
the films are affected by the solution conditions in the same ways as the particles, indicating a similar
formation mechanism.
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The data shows that film growth occurs when the substrates are added to the synthesis solution
during the formation of the siliceous network (Figure 3). At this stage, the micelles are still spherical
and the hexagonal ordering has not yet started [28]. This indicates that the films are formed by
the condensation of silica species directly on the substrate, and not formed by the deposition of
pre-synthesized particles. This is further corroborated by the cross-section images of the films in
Figure 1.

It is clear from Figure 5 that proper substrate functionalization is needed to achieve the desired
DiG film growth. The densest films are synthesized on hydrophobic substrates, functionalized with
octadecyl or methyl groups, while the more hydrophilic substrates show no or poor films consisting
of sparsely spaced particles in a tissue phase (Figure 5c–e). Mesoscopic simulations have shown
that P123 can form hemispherical structures on hydrophobic surfaces [30]. These structures, where
the hydrophobic core is in contact with the substrate, and the PEO brushes are directed towards
the aqueous solution, can act as nucleation sites for growth of the film, resulting in a dense packing
of particles (Figure 5f,g). Liu et al. showed that non-ionic triblock copolymers (P105) can coat
hydrophobic surfaces, while micellar structures can adsorb on a hydrophilic surface [31], which is in
good agreement with the simulations. The particle growth on the hydrophilic substrates with silanol
groups or P123 (Figure 5a,b) can be the result of adsorbed micelles bound to the substrate through
silica polymerization.

The stability of the films is shown in the surfactant removal section and also through the catalytic
reaction. It is apparent that the films can sustain calcination at 550 ◦C, ethanol extraction for 24 h at
78 ◦C, or ultrasound sonication in methanol at least 5 min, confirming that the particles adhere well to
the substrates. During the catalytic reaction, the films were submerged in a stirred, aqueous solution
for 1 h per cycle. During the first cycle, some particles detaches from the substrate, although the vast
majority of the film remains intact. The loss of particles suggests variation in adhesion among the
particles, perhaps due to contaminants present at the particle/substrate interface causing incomplete
attachment of the half hexagon prism to the substrate. The possibility to use various surfactant
removal techniques enables functionalization through co-condensation, as the functional groups can
be removed upon calcination. It also allows post-functionalization since the ethanol extraction yields
more silanol groups after micelle removal [32]. H2O2 oxidation has been shown to be an efficient
method for removing P123 and other organic groups from SBA-15 [11,33]. It also removes the DiG film
from the substrate. The reason for this can be decomposition of the functional organic layer between
the film particles and the substrate.

4.2. Functionalization

During the direct sulfonation of SBA-15, it is apparent that the addition time of the MPTMS +
H2O2 strongly affects both the morphology and acidity of the final material, as seen in Figure 7 and
Table 1. For SBA-15_0.0, the optimum addition time is 4 h, which yields a material with relatively high
acidity and the desired morphology of both films and particles. Adding the reagents as early as 1 h into
the synthesis strongly affects the particle formation, and small aggregated particles are formed, while
an addition time of 2 h yields a narrower platelet morphology compared to the non-functionalized
material. This is most likely due to the fact that the particles at these time points are not completely
formed [28]. During the co-condensation of MPTMS, MPTMS will condense on the silanol groups
in the siliceous network [34] and hinder further silica condensation at these sites. One hour into the
reaction, the siliceous network is forming, but the hexagonal ordering of the micelles has not started.
At this time point, particle formation is governed by the addition of MPTMS silica species. When
the MPTMS + H2O2 is added after 2 h, the hexagonal framework has formed, but the particles are
still growing through side-by-side attachment of the silicated micelles. The MPTMS attaches to the
surface silanols of the silica, and therefore locks the surface from further condensation, resulting in
narrower platelets. When the MPTMS + H2O2 is added after 4 h or directly prior to the hydrothermal
treatment, the particle morphology is already set, and no alteration is visible in the SEM micrographs
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(Figure 7e,g). However, the acidity of these samples is different, which is likely related to the silica
condensation also progressing after 4 h [28]. Such condensation enables larger amounts of hydrolysed
MPTMS to bind to the silica particles, compared to when the condensation of particles is completed.
This is in good agreement to the results by Nassor et al. [35], who showed that it is easy to wash away
the MPTMS when it is added at a late stage of the synthesis.

The difference in physicochemical properties of SBA_0.0_no DS and SBA-15_0.0_carbon templates
is due to the different methods for removal of the micelles, which were ethanol extraction and
calcination, respectively. No external carbon features were detected when the furfuryl alcohol vapor
method was used to coat the SBA-15 (Figure 8a). This method yielded a 2 Å thick carbon layer in the
mesopores after carbonization (Table 1), without generating additional plugs in the pores (Figure 8b).
Hence, the method of using furfuryl alcohol vapor to form CMK-5 structures in mesoporous SBA-15
films shows promising results, which also broadens the application range of DiG films.

4.3. Catalytic Performance

Introducing sulfonic acid groups in the mesoporous films result in a substantial increase in the
catalytic performance of the film. A conversion of ~5 % of acetic acid during 1 hour of reaction, when
no sulfonic acid groups are present, is in good agreement with other studies [13]. This value is boosted
by a factor of approximately 6 times when sulfonic acid groups are present in the pores. The results
confirm that the mesoporous silica DiG films are successfully coated with carbon using the evaporation
technique and that the pores are accessible for both functionalization and catalytic reactions.

SEM micrographs of the used catalyst show that the film is intact after 1 h of reaction, except for a
minor particle loss. It is well known that silica dissolves in water, and this reaction may result in loss
of particles that have formed with defects towards the substrate. There is no observable additional
particle loss after the second reaction cycle, indicating that the remaining particles are well-adhered to
the substrate. The catalytic activity decreases after the first reaction cycle. Other studies of esterification
reactions using sulfonated carbon catalysts show a similar trend [36,37], and the reduction can be
attributed to loss of active sites of the catalyst, either by desorption of sulfonic groups [37], or formation
of sulfonic esters on the catalyst surface [38].

5. Conclusions

We have shown that monodispersed SBA-15 particles with various aspect ratios can be grown
onto silicon wafers using the DiG method. The film thickness follows the particle width and can be
tuned between 80 nm and 750 nm by changing the NH4F concentration in the synthesis solution.
The addition of salt affects the material formation rate, and therefore the substrate addition time must
be adjusted so that the substrates are added during the formation of the siliceous network. It has been
concluded that hydrophobic substrates are required for a dense film growth, but that substrates with
surface silanols or P123 can bond smaller particles to the surface. The film growth is consistent over
surfaces larger than 75 cm2, and it is possible to coat rough substrates.

We have also shown that the films can be functionalized by co-condensation of MPTMS+H2O2,
but the addition time of the functional reagents must be adjusted so as to not affect the film morphology.
The reagents must be added after the formation of the hexagonal order, during the final condensation,
to yield a material with high acidity and accessible pores. A CMK-5 structure can also be formed in the
films after exposure to furfuryl alcohol vapor. The sulfonated version of the CMK-5 film was shown
to work as an efficient catalyst in the esterification reaction of acetic acid and ethanol, showing the
accessibility to the pore system, even though the pores are perpendicular to the substrate, due to the
separation of the grown particles. The film is stable upon the catalytic reaction, with only a minor loss
of particles. Recycling experiments show, however, reduced catalytic activity after the first cycle. As an
outlook, one can imagine DiG film growth on other substrates than Si-wafers, e.g. glass or titanium,
and utilizing these films as catalyst hosts or drug carrying coatings for implants.
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Supplementary Materials: The following are available online at http://www.mdpi.com/2079-4991/9/4/562/s1,
Methods for substrate functionalization, methods for surfactant removal, Figure S1: Pore size distributions,
physisorption isotherms, and small angle x-ray diffractograms for materials synthesized with NH4F/P123 molar
ratios of 0.0–1.8, Figure S2: Pore size distributions, physisorption isotherms, and small angle x-ray diffractograms
for direct sulfonated SBA_0.0s, Table S1: Physiochemical properties and acidity of materials synthesized with
NH4F/P123 molar ratios of 0.0–1.83.
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Abstract: The combined benefits of moisture-stable phosphonic acids and mesoporous silica
materials (SBA-15 and MCM-41) as large-surface-area solid supports offer new opportunities for
several applications, such as catalysis or drug delivery. We present a comprehensive study of
a straightforward synthesis method via direct immobilization of several phosphonic acids and
phosphoric acid esters on various mesoporous silicas in a Dean–Stark apparatus with toluene as the
solvent. Due to the utilization of azeotropic distillation, there was no need to dry phosphonic acids,
phosphoric acid esters, solvents, or silicas prior to synthesis. In addition to modeling phosphonic
acids, immobilization of the important biomolecule adenosine monophosphate (AMP) on the porous
supports was also investigated. Due to the high surface area of the mesoporous silicas, a possible
catalytic application based on immobilization of an organocatalyst for an asymmetric aldol reaction
is discussed.

Keywords: mesoporous silica; organocatalysis; host–guest materials; magic-angle spinning NMR
(MAS-NMR)

1. Introduction

Ordered mesoporous silica (SiO2) materials, such as SBA-15 [1] or MCM-41 [2], are frequently
used as support matrices for a large variety of organic functional groups [3]. They are synthesized via
sol–gel chemistry-based methods, employing self-assembled arrays of amphiphilic species as porogenic
structure directors. The pore sizes can by tuned using various synthesis parameters, such as choice of
porogen, utilization of swelling agents, or variation of the reaction temperature. The resulting uniform
pore widths typically range from 2 nm to 10 nm, with specific surface areas up to ca. 1000 m2·g−1.
The pore walls exhibit free silanol groups (Si–OH) that may serve for functionalization with organic
moieties. Functionalized mesoporous materials have high potential in fields such as drug delivery [4–6],
separation [7,8], sensing [9], nanotechnology [10], or heterogeneous catalysis [11–14]. In the latter case,
the defined pore diameters allow control over the selectivity of a reaction [15]. In addition, pure silica
can also be applied as a catalyst without functionalization [16].

Post-synthetic grafting of linker groups onto the surface of (porous) silica is one of the most
frequently employed techniques [3]. The most applied linker moieties are trialkoxylsilane compounds
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that are linked to SiO2 under the release of alcohol [17] or chlorosilanes that form a covalent bond
with SiO2 under the release of HCl [18]. Yet, these linker precursors have some drawbacks, such as
instability toward moisture. Phosphonic acids, on the other hand, are moisture-stable and easy to
handle. They are currently standard linkers for various oxidic support materials [19,20]. However,
for SiO2, just a few complicated procedures of creating covalent bonds with the surface were reported,
including adsorption of phosphonic acids via hydrogen bonding, followed by annealing at 120–140 ◦C
for several hours [20–25]. In one example, phosphorus acid analogs were attached to a commercial
silica gel for chromatography; however, the silica gel needed to be dried extensively prior to use [26].
In addition, phosphonic acids ere attached to fumed silica in anhydrous acetonitrile under N2

atmosphere [27]. One simple example was reported that involved immobilization of a phosphonate
ester via re-esterification; yet, it was not studied in detail whether a covalent bond was formed [28].

Here, we present a comprehensive study of a straightforward method of immobilizing several
phosphonic acids and phosphoric acid esters on various mesoporous silica materials using a
Dean–Stark apparatus with toluene as the solvent. This approach can lead to covalently functionalized
mesoporous silicas (Scheme 1). A covalent functionalization would have the advantage over adsorption
that long-term stability could be reached and that a broader solvent spectrum could be applied with
the functionalized material. Since the procedure involves azeotropic distillation, there is no need
to dry any of the reactants (phosphonic acids, phosphoric acid esters), the solvents, or the silicas
prior to use for the reaction. Our study includes model phosphonic acids, the biomolecule adenosine
monophosphate (AMP), and an organocatalyst for an asymmetric aldol reaction.

 

Scheme 1. Functionalization of (mesoporous) silica with a phosphonic acid derivative via azeotropic
distillation in a Dean–Stark apparatus.

2. Materials and Methods

Unless noted otherwise in this section, all reagents were commercially acquired. Solvents
and chemicals were used without further purification. The (2R,4S)-4-(phosphonooxy)-pyrrolidine-
2-carboxylic acid (5) was prepared according to a literature procedure [29]. LiChrosorb SI 100 silica gel
was purchased from Merck. Mesoporous silicas (SBA-15 [1], MCM-41 [2], and monoliths [30]) were
prepared using literature procedures; their specifications are listed in Table 1. Synthesis details and
structural characterization (porosity) are shown in the Supplementary Materials. For some reactions,
the silicas were pre-dried in a drying cabinet overnight at 100 ◦C (indicated by “dried”). Since no
difference was observed between dried and non-dried silicas, subsequent reactions were performed
with the as-obtained material. Loading of the silica was determined by elemental analysis of the carbon
content (indicated by mC) or, where possible, also of the nitrogen content (indicated by mN).

Characterization: 1H and 13C solution-state NMR spectra were recorded on a Bruker AVANCE
500. The deuterated solvents used were deuterium oxide, chloroform, or deuterated methanol.
The chemical shifts are given in parts per million (ppm). For solid-state 29Si and 31P NMR
measurements, carried out at 25 or 30 ◦C; a 300-MHz Tecmag Apollo spectrometer equipped with
a wide-bore Oxford magnet was used. The measuring frequencies were 59.563 MHz for 29Si and
121.368 MHz for 31P. A standard magic-angle spinning (MAS) probe for rotors with a diameter of 4 mm
was used. Unless noted otherwise, 29Si spectra were obtained at a rotation frequency of 6 kHz, whereas
31P spectra were recorded at rotation frequencies of 2 or 8 kHz under proton decoupling. The signal of
hydroxy apatite at 2.3 ppm was used as an external chemical shift reference for 31P; chemical shifts
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reported have an error margin of ±0.1 ppm. 31P chemical shift tensors were obtained from side-band
patterns by means of a Herzfeld–Berger analysis [31] using HBA software [32]. N2 physisorption
analysis was conducted at 77 K with a Quantachrome NOVA 4000e apparatus. Prior to measurement,
samples were degassed at 393 K for 24 h. Pore size evaluation was achieved using the NLDFT-based
silica (cylindrical pores) kernel. Fourier-transform infrared (FT-IR) spectra were recorded on a Bruker
Vertex 70. Elemental analysis was carried out on a vario MicroCube (elementar) CHNOS analyzer.
Powder X-ray diffraction was carried out with a Bruker AXS D8 Advance diffractometer with Cu Kα

radiation (40 kV, 40 mA).
General Functionalization: Silica (300 mg), phosphonic/phosphoric compound (0.1 equiv.), and

absolute toluene (40 mL) were refluxed under N2 in a Dean–Stark apparatus for 16 h. Thereafter,
the toluene was decanted from the solid. The remaining solid was washed three times with toluene,
methanol, and dichloromethane. After this treatment, the solid was dried at 70 ◦C in a drying
cabinet. The level of functionalization and spectral data for each material are presented in the
Supplementary Materials.

2-(Hydroxy(4-nitrophenyl)methyl)cyclohexanone. (4R)-4-Phosphonooxy-L-proline (5)
functionalized silica (30 mg), p-nitrobenzaldehyde (0.20 mmol, 30 mg), and cyclohexanone
(9.93 mmol, 0.1 mL) were added to a DMF–water (90−10) volume mixture and stirred for 4 d at 37
◦C. The resulting crude product was isolated via column chromatography (eluent: petrol ether–ethyl
acetate, 60–40). For silicas, yields, and selectivities, see Table 5.

3. Results and Discussion

To evaluate different phosphonic acid and phosphoric acid ester analogs with alkyl and aryl
substituents, phenylphosphonic acid (PPA, 1 in Scheme 2), the biomolecule adenosine monophosphate
(AMP, 2), n-dodecylphosphonic acid (DPA, 3), and di-n-butyl phosphate (DBP, 4) were chosen. Also,
(4R)-4-phosphonooxy-L-proline (5) [29] was used for a catalytic application.

Scheme 2. Phosphonic acid and phosphoric acid ester analogs used for functionalization of silica via
azeotropic distillation.

In addition to the application of different organic moieties, a variety of porous silica materials
were also used. Their textural properties are summarized in Table 1.

Table 1. Textural properties of porous silica materials.

Silica ABET
[a] (m2·g−1) V [b] (mL·g−1) d [c] (nm)

Monolith 206 1.46 30.5
LiChrosorb SI 100 276 1.04 14.0

SBA-15 629 0.75 6.3
MCM-41 1279 0.80 3.7

[a] (Brunauer–Emmett–Teller (BET) specific surface area; [b] specific pore volume; [c] average pore width.

Before studying phosphonic acids and phosphoric acid esters, preliminary tests were carried out
by functionalizing some silica materials with trimethoxysilane as a standard linker via a condensation
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reaction [17] for comparison. For this purpose, the silicas were dried at 100 ◦C for 24 h prior to use.
The results are shown in Table 2. The data suggest that the pore size has an impact on the loading
level. Even though the silica monolith has a smaller Brunauer–Emmett–Teller (BET) surface than
SBA-15 silica, a higher loading was achieved. This observation is consistent with the literature [33].
Smaller pores are less accessible for larger molecules. In addition, smaller pores go along with
larger specific BET surface areas, which promotes condensation of trimethoxysilane with itself due to
surface-adsorbed water and, hence, blocking of the pores, which prevents further functionalization
inside the pores. In addition to their pore sizes, the materials may also exhibit differences in the
silanol group density (per pore wall area), which might provide further explanation of the different
loading levels.

Table 2. Functionalization of silicas with trimethoxysilane.

Silica Loading (mmol·gSiO2
−1)

Monolith 0.777
LiChrosorb SI 100 0.562

SBA-15 0.508

Results for the functionalization with phosphonic acids and phosphoric acids esters are shown in
Table 3. This functionalization was achieved using a straightforward method. The various reactants
and the respective porous silica materials were stirred in toluene under reflux for 16 h in a Dean–Stark
apparatus (Scheme 1), without further pre- or post-synthesis procedures. It was found that pre-drying
the silica materials did not result in higher levels of functionalization; the silicas can be applied as
prepared in the procedure. The data in Table 3 reveal mostly high levels of loading of the various silica
materials with the compounds 1-4 from Scheme 2. The functionalization with PPA (1) and DBP (4)
was similar for all silicas, except for MCM-41. Here, a much lower degree of loading was observed
despite the very large BET surface area of MCM-41. This finding may be explained by the fact that
MCM-41 exhibited the smallest pores of all silica samples (see Table 1). Obviously, the small pore
diameter significantly constrains access of the reactants to the pores as well as their diffusion though
the pores. Taking into account that PPA (1) reacts very fast with the silanol groups, the PPA (1) would
react first with the silanol groups at the opening endings of the pores. Thereby, the pore entry becomes
too small for further PPA (1) to diffuse to the inner part of the pore. For DBA, the effect is smaller
due to the fact that DBP (4) reacts slower with the silanol groups. The highest level of loading was
achieved with AMP (2) for all silica materials including MCM-41. This is consistent with the large
number of functional groups within this molecule that can form hydrogen bonds. In addition to the
AMP molecules chemically bound to the silica surface, additional layers may be formed via H-bonds
between adjacent molecules. Lower degrees of loading with DBP (4) were observed for all silica
materials than with DPA (3). This is attributed to the fact that DBP (4) exhibits only one hydroxy
function to form a bond with the silica surface, which results in a lower binding strength.

Table 3. Functionalization of the silicas with different phosphonic and phosphoric analogs.
PPA—phenylphosphonic acid; AMP—adenosine monophosphate; DPA—n-dodecylphosphonic acid;
DBP—di-n-butyl phosphate.

Silica
Loading (mmol·gSiO2

−1)

PPA (1) AMP (2) DPA (3) DBP (4)

Monolith 0.527 2.489 - -
LiChrosorb SI 100@ 0.742 1.035 0.636 0.470

SBA-15 0.561 0.999 0.568 0.422
MCM-41 0.010 1.049 0.466 0.264
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The formation of covalent bonds between the silica phases and the respective guest molecules
was investigated by FT-IR spectroscopy and by solid-state MAS-NMR spectroscopy. Figure 1 shows
example IR spectra of pure silica (monolith) and of the respective PPA(1)-functionalized sample.
Characteristic absorption bands of amorphous silica appear at 3450 cm−1 (s, Si–OH and H2O),
1640 cm−1 (w, Si–OH and H2O), 1180 cm−1 (s, Si–O–Si), 800 cm−1 (m, Si–OH), and 460 cm−1 (m,
Si–O–Si) [34]. The functionalized sample exhibits additional signals at ca. 750 cm−1, assignable to
the P–C stretching vibration, as well as at 1439, 1385, 717, and 692 cm−1, assignable to aromatic ring
vibrations [21,35,36]. This confirms the presence of the guest species, but not necessarily its covalent
bonding to the silica surface. Similar results were obtained for the other samples. 29Si MAS-NMR
spectra (shown in Supplementary Materials, Figure S4) exhibit weakly resolved Q4 signals with
varying fractions of Q3 signals. Due to their low resolution, the 29Si NMR spectra did not provide
conclusive information on the presence of covalent bonds between the silica surface and the guest
molecules. Hence, 29Si NMR was not further pursued in this study.

Figure 1. Fourier-transform infrared (FT-IR) spectra of pure silica (monolith) and of the
phenylphosphonic acid (PPA) (1)-functionalized silica.

Figure 2 shows an example 31P MAS-NMR spectrum of mesoporous silica (monolith)
functionalized with the biomolecule AMP (2) in comparison with the spectrum of pure AMP. For these
samples, as well as the other silicas loaded with AMP (cf. Supplementary Materials, Figure S5),
a broad pattern of rotational side bands was observed. The large chemical shift anisotropy indicates
that the AMP molecules were immobile. Some of the samples show an additional narrow peak,
forming a downfield shoulder of the center band and accounting for at most a few percent of the
total spectral intensity. For these peaks, no spinning side bands can be recognized; they may result
from a small fraction of mobile AMP molecules or a by-product of the reaction. In order to assign the
central peak of the side-band pattern, several measurements at different spinning frequencies were
performed; an isotropic chemical shift of −2.0 ppm was determined for all AMP-containing samples.
The Herzfeld–Berger analysis [31,32] of the side-band intensities yielded the principal values of the
chemical shift tensors, which were 69.2, −1.6, and −73.7 ppm for AMP@LiChrosorb SI 100 and 71.9,
−1.8, and −76.1 for neat AMP. The spectral parameters of these two and the other AMP samples are
too similar to support the hypothesis of a chemical binding of AMP to the silica surface.
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Figure 2. 31P magic-angle spinning (MAS) NMR-spectrum of LiChrosorb Si 100 loaded with adenosine
monophosphate (AMP) (2) (left) and of neat AMP (right), measured at a spinning frequency of 2 kHz.

In a 31P MAS-NMR spectrum with PPA (1), it would be expected that different signals occur due
to the presence of different attached phosphorus atoms to the surface of the silica gel [10]. In Figure 3,
six different possibilities are shown, while, in the NMR, only two or three different signals were
observable for each sample.

Figure 3. Possible types of attachment of a phosphonic acid to SiO2: (a) monoester; (b) diester;
(c) diester with hydrogen bonding to a silanol group; (d) monoester with hydrogen bonding to
a surface oxygen atom; (e) diester with Lewis acid/base interaction with a silicon atom; (f) pure
hydrogen bond interactions.

As can be seen in Figure 4 and Table 4, the 31P CP-MAS-NMR spectra of PPA (1) attached to
different silica gels consisted of four different signals in the range of about 20 to 0 ppm, labeled by
increasing numbers from left to right. The peaks outside of this range were spinning side bands.
Signals 2 (narrow, between 18.4 and 18.7 ppm) and 3 (broad, between 9.0 and 9.7 ppm) were common
to all three samples, but the intensity ratios vary. For PPA@MCM-41, an additional shoulder occurred
downfield of 2, whereas PPA in monolithic silica showed a very small additional peak close to 0 ppm.
In the literature, the pattern of three peaks was assigned to physisorbed, monodentate and bidentate,
and tridentate binding [27].
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Figure 4. 31P CP-MAS-NMR spectra of MCM-41, SBA-15, and a monolith functionalized with
phenylphosphonic acid (PPA, 1). The spectra were measured at a spinning frequency of 8 kHz
and exhibit spinning sidebands near 80 and −60 ppm.

Table 4. 31P CP magic-angle spinning (MAS) NMR shifts of monolith, SBA-15, and MCM-41,
functionalized with phenylphosphonic acid (PPA, 1).

Silica
Chemical shift/ppm

Signal 1 Signal 2 Signal 3 Signal 4

Monolith - 18.7 9.3 −0.4
SBA−15 - 18.4 9.0 -
MCM 41 19.5 18.5 9.7 -

The width of the narrow peak (2) was reduced significantly under MAS, which means that the
width of this peak is partly caused by a residual chemical shift anisotropy and not only by chemical
shift variations due to structural disorder. This is consistent with the spectra of other samples (cf.
Supplementary Materials, Figure S6) that show spinning side bands of the narrow peak at a spinning
frequency of 2 kHz. Thus, the narrow peak may be assigned to partially mobile ligands that cannot
reorient isotropically. This could be either a physisorbed species (e.g., via H-bonds) or a monodentate
binding; in both cases, the ligand may still be able to rotate about a single bond which reduces the chemical
shift anisotropy. The occurrence of two peaks (1 and 2) for MCM-41 may be explained by the occurrence
of both physisorption and monodentate binding. The broad peak (3) can be assigned to immobile ligands
attached via bi/tridentate binding that makes orientation about a bond axis impossible. The large width
of this peak even under MAS indicates structural disorder (different environments).

Silica samples loaded with DPA (3) and DBP (4) show similar features as PPA (1) in their 31P
NMR spectra (Supplementary Materials, Figure S6). Thus, functionalization of the silica surface by
these compounds is confirmed. Only AMP (cf. Figure 2) shows a different behavior. It may also be
possible that AMP as the largest guest species considered in this study does not enter the pores at all
but simply forms crystals outside of the pore system, which are not removed by the washing sequence
(see Section 2). The high "loading" found for AMP (cf. Table 3) would then not entirely correspond to
material inside of the pores.

Immobilization of organic moieties in porous silica materials is particularly interesting for
heterogeneous organocatalysis. To explore this aspect, (4R)-4-phosphonooxy-L-proline (5) was
immobilized on various porous silica materials in the same way as compounds 1–4. The highest
degrees of loading were achieved with LiChrosorb SI 100 (1.234 mmol·gSiO2

−1) and SBA-15
(1.162 mmol·gSiO2

−1). These two samples were applied in an asymmetric aldol reaction as shown
in Scheme 3; this reaction is catalyzed by L-proline derivatives [37,38]. A heterocatalytic application
of 5 in an asymmetric aldol reaction was reported for zirconium oxide as the support material [29];
however, the catalyst could not be recycled due to hydrolysis of the covalent linker bond between 5
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and ZrO2. It was also shown that a phenylphosphonic acid derivative can be attached permanently to
zirconium phosphate [39].

Scheme 3. Asymmetric aldol benchmark reaction.

For the reaction, 20 mol.% of the functionalized material, 20 equivalents of cyclohexanone and one
equivalent of p-nitrobenzaldehyde were applied. The spectral data for the obtained two diastereomeres
(anti and syn) were consistent with literature values [40–42]. The reaction with the pure catalyst (5) in
solution resulted in a good yield and high selectivities. Slightly lower yields were obtained for the
two heterogenic systems of (5) immobilized in LiChrosorb SI 100 silica or in SBA-15 silica, respectively
(Table 5). The latter resulted in the lowest yield, consistent with its lower degree of loading as compared
to the LiChrosorb system. Most remarkably, the immobilization of the organocatalyst does not have
any negative effect on the diastereoselectivity (dr) or enantioselectivity (ee), which is often a problem
when chiral catalysts are immobilized. A possible mechanism of the catalyzed reaction is shown in
Scheme 4, in analogy to the homogeneous systems [43].

Table 5. Asymmetric aldol reaction carried out by using (4R)-4-phosphonooxy-L-proline (5) as a catalyst
in solution or immobilized in porous silica materials.

Catalyst
Loading

(mmol·gSiO2
−1) Yield [a] (%)

dr [b] (%) ee[c] (%)

anti/syn anti syn

Pure 5 - 62 93/7 96 n.a.
5@LiChrosorb 1.234 53 95/5 97 12

5@SBA−15 1.162 47 92/8 97 5
[a] isolated yield; [b] determined by 1H NMR; [c] determined by chiral HPLC; n.a.—not applicable.

 

Scheme 4. Proposed mechanism of the hetero-catalyzed asymmetric aldol reaction.
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The recycled 5@SBA-15 material turned out not to be catalytically active. Therefore, we investigated
the stability of the functionalized materials from Table 3 against hydrolysis. The materials were exposed
to an acidic aqueous solution, five equivalents of a 1 M solution of HCl at room temperature for 24 h.
The phosphonic-acid-functionalized materials showed the same level of loading after this treatment,
while the materials functionalized with phosphate esters were not stable, as indicated by the absence
of carbon in the elemental analysis. Hence, future work will focus on stable organocatalysts linked to
the silica substrate via phosphonic acid functions.

4. Conclusions

A straightforward method to functionalize various mesoporous silica materials with phosphonic
acids and phosphoric acid esters in a Dean–Stark apparatus was presented. The formation of covalent
bonds was proven by 31P CP-MAS-NMR spectroscopy. These results were exploited to tether a
homogeneous organocatalyst via a phosphoric ester group to porous silica, which resulted in good
yields and high selectivities in an asymmetric aldol reaction.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-4991/9/2/249/s1:
Synthesis procedures for SBA-15, MCM-41, and silica monoliths, as well as their functionalization; Figure S1:
physisorption data porous silica materials; Figure S2: low-angle X-ray diffraction (XRD) data of SBA-15 and
MCM-41; Figure S3: FT-IR spectra; Figure S4: 29Si-MAS-NMR spectra; Figures S5 and S6: 31P-MAS-NMR spectra.
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