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Abstract 

 

Microporous composite materials have been studied for a considerable range of 

heterogeneous catalysis applications due to their large inner specific area and the potential 

of adsorbing small species into their microporous structure. Though prominent types of 

microporous crystalline hosts, zeolites and metal frameworks (MOFs), for example, are 

advantageous to many applications, they are not processable. Polymers of intrinsic 

microporosity (PIMs) have emerged as a new class of microporous materials which are 

molecularly rigid structures with poor packing and a high degree of open porosity at the 

nanometre scale. Characteristics of good solubility, processability (into a film by drop-

casting or spin-coating), thermal and mechanical stability, and gas and ion species 

permeability enable PIMs to be applied in fields of electrochemistry. In this thesis, the 

opportunities for applications of PIMs in heterogeneous redoxcatalysis are investigated. 

Redoxcatalytic reactions within microporous composites involve several interrelated 

processes, including diffusion and permeation of reactants and products, adsorption and 

desorption of active species, binding and decomposition of substances coupled with electron 

transfer processes, and on some occasions, involvement of non-reactive solvents. The whole 

reaction can be complex; however, simple redox systems based on PIM composites can be 

explored individually as a starting point. Examples are the binding behaviour and reactivity 

of ions (Fe(CN)6
3-/4-) and molecules (catechin and quercetin) inside the PIM host. More 

complicated systems (H2 and H2O2 generation from formic acid and O2) are studied next. 

Practical nano-catalysts (Pd, bipolar Pd/Au, and PdAu mixture) immobilised in PIMs for 

redoxcatalysis with gases, ions, and molecules are investigated. 

In this thesis, the main aims are (i) to develop an understanding of the role of PIMs as host 

for heterogeneous catalysts for redoxcatalysis, (ii) to explore the mechanisms of reactions 

occurring within PIM composites, and (iii) to optimise and extend the applications of PIMs 

for useful product generation (H2 or H2O2 for example). The mechanism is investigated 

primarily with voltammetry to distinguish potential-dependent processes. Analysis methods 

are developed for quantification of products or species (catechin, quercetin, and H2O2) based 

on liquid chromatography coupled with mass spectrometry (LC-MS), for evaluation of O2 

generation and H2 production based on a Clark-type sensor, and for colourimetric assay of 

H2O2 generation based on a sensor dye 3,5,3’,5’-tetramethylbenzidine (TMB). A 
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computational DFT simulation is carried out for verification of PIMs as an active component 

during redoxcatalysis. 

The electrochemical and binding behaviour of redox species is investigated by 

immobilisation of Fe(CN)6
3-/4- or ortho-quinol molecules, catechin and quercetin, into PIM-

EA-TB. The interaction between Fe(CN)6
3-/4- and protonated amine sites in PIM-EA-TB is 

proposed to be linked to the retention and relatively slow leaching process. The PIM-EA-

TB with immobilised Fe(CN)6
3-/4- is applied for the electrocatalytic oxidation of ascorbic 

acid. Hydrogen bonding is suggested to be responsible for ortho-quinol molecules 

immobilisation in the PIM-EA-TB host. A thin mono-layer film with one catechin or 

quercetin molecule binding to each monomeric PIM-EA-TB unit configuration is 

electrochemically active. Either spontaneous or electrochemically triggered leaching of 

guest ortho-quinol molecules is shown to depend on the state of the films. 

Palladium nano-catalysts are incorporated in PIM-EA-TB. Competing processes of H2O2, 

water, and H2 production from formic acid and O2 are investigated for the Pd@PIM-EA-TB 

catalyst. Next, gold is electrolessly deposited and attached to the Pd in PIM-EA-TB. The 

Pd/Au@PIM-EA-TB product gives enhanced H2O2 production with suppressed H2 

generation. It is suggested that Pd and Au work hand-in-hand as bipolar electrocatalysts. The 

Pd@PIM-EA-TB catalyst is also evaluated for formate oxidase reactivity as a nanozyme to 

produce H2O2. This, in turn, drives the TMB colour reaction in the presence of formic acid. 

A computational DFT simulation proves that, as an active component, PIM-EA-TB enhances 

both 2-electron formate oxidation and 2-electron oxygen reduction to H2O2 on palladium. 

Furthermore, the reactivity of nano-Pd, -Au, and -PdAu mixture towards formic acid 

oxidation and oxygen reduction during H2O2 production is investigated and compared in two 

microporous polymer hosts (PIM-1 and PIM-EA-TB). PdAu@PIM-EA-TB shows the best 

reactivity towards H2O2 production. In contrast to PIM-1, PIM-EA-TB is proposed to 

directly contribute to the catalytic process with amine sites accepting protons during formate 

oxidation and ammonium sites donating protons for oxygen reduction. 

Overall, this thesis highlights the reactivities and applications of PIMs as part of microporous 

composites in heterogeneous redoxcatalysis. The role of PIMs in the catalytic processes is 

investigated. New hypotheses are proposed for the mechanisms of the catalytic reactions 

studied in this thesis, and novel experimental approaches are developed to verify them. 
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K4Fe(CN)6 in 1 mM HCl (electrolyte: 0.1 M KCl containing 1 mM HCl). (B) As in (A), but 

for immobilisation in 0.01, 0.1, and 1 mM K3Fe(CN)6 in 1 mM HCl. (C) Schematic drawing 

of the proposed electron pathway during electron hopping. ................................................ 79 

Figure 3.5 Effect of scan rate during voltammetry. (A) Cyclic voltammograms (first cycle; 

scan rates 10, 20, 50, 100, 200, and 500 mV s-1) for a 3 mm diameter glassy carbon electrode 

coated with 2 μg PIM-EA-TB (after 12 h immersion in 0.1 mM K4Fe(CN)6 in 1 mM HCl at 

4 °C) (electrolyte: 0.1 KCl containing 1 mM HCl). (B) A double-logarithmic plot of anodic 

peak current versus scan rate. (C) As in (A), but for K3Fe(CN)6. (D) A double-logarithmic 

plot of reduction peak current versus scan rate. ................................................................... 81 

Figure 3.6 (A) Effect of PIM-EA-TB loading. Cyclic voltammograms (first cycle; scan 

rate 200 mV s-1; electrolyte: 0.1 M KCl containing 1 mM HCl) for a 3 mm diameter glassy 

carbon electrode coated with 2, 4, 6, and 8 μg PIM-EA-TB after immersion for 12 h in 1 mM 

K4Fe(CN)6/1 mM HCl. (inset: plot of oxidation peak current versus PIM loading) (B) Effect 

of pH during immobilisation. Cyclic voltammograms (scan rate 100 mV s-1; electrolyte: 

0.1 M KCl containing 1 mM HCl) for a glassy carbon electrode coated with 2 μg PIM-EA-

TB after immersion for 12 h at 4 °C in 1 mM K4Fe(CN)6 in 0.1, 1, and 10 mM HCl. (C) 

Effect of pH during voltammetry. As in (B) but immersed in 0.1 M KCl without HCl. . 82 

Figure 3.7 Systematic investigation of pH effect during voltammetry. (A) Cyclic 

voltammograms (first cycle; scan rate 100 mV s-1) for 2 μg PIM-EA-TB on a glassy carbon 

electrode (immersed into 0.1 mM K3Fe(CN)6 and 1 mM HCl for 12 h at 4 °C) tested in 

aqueous 0.1 M KCl at pH 3, 5, 7, 9, 11 first cycle, and 11 second cycle. (B) As in (A), but 

for pH 13 cycle 1, cycle 2, cycle 5, and cycle 10. (C) As before, showing an initial 

experiment at pH 3, followed by an experiment at pH 13, then followed by an experiment at 

pH 3. ..................................................................................................................................... 84 

Figure 3.8 Electrocatalytic performance of PIM-EA-TB/Fe(CN)6
4- redox film. (A) 

Cyclic voltammograms (first cycle; scan rate 5 mV s-1) for a 3 mm diameter glassy carbon 

electrode with 2 μg PIM-EA-TB (immersed into 1 mM K4Fe(CN)6 and 1 mM HCl aqueous 

solution at 4 °C for 12 h) in 0.1 M KCl with 1 mM HCl in the presence of 0.0, 0.5, 1.0, and 

2.0 mM ascorbic acid. (B) As in (A), but kept in 0.1 mM K4Fe(CN)6 in 1 mM HCl at 4 °C 

for 12 h and measured in 0.1 M KCl with 1 mM HCl in the presence of 0.0, 0.5, 1, 4, 8, and 

16 mM ascorbic acid. (C) As in (B), but kept in 0.1 mM K4Fe(CN)6 in 1 mM HCl at 4 °C 

for 12 h and measured in 0.1 M KCl without 1 mM HCl in the presence of 0, 1, 2, 4, 8, and 

16 mM ascorbic acid. (D, E, and F) Plots of anodic peak current versus ascorbic acid 

concentration from (A), (B) and (C), respectively. .............................................................. 86 

Figure 4.1 Molecular structures for PIM-EA-TB (monomeric unit m.w. 300 g mol-1), the 

flavanol catechin (m.w. 290 g mol−1), and the flavonol quercetin (m.w. 304 g mol-1). ....... 96 

Figure 4.2 Quantification of catechin and quercetin. Compound chromatograms and 

calibration curves of catechin (A) and quercetin (B) from the liquid chromatography-mass 

spectroscopy (LC-MS) technique. Response values are areas under chromatogram curves.

 .............................................................................................................................................. 99 

Figure 4.3 Electrochemical results of catechin-immobilised PIM-EA-TB film by 

absorption from aqueous solution. (A) Cyclic voltammograms (3 mm diameter glassy 

carbon electrode; scan rate 0.5, 0.2, 0.1, 0.05, 0.02, and 0.01 V s-1) for a catechin-

immobilised PIM-EA-TB film (immobilisation in 0.1 mM catechin in 0.1 M phosphate 

buffer at pH 2 for 12 h) tested in electrolyte of 0.1 M phosphate buffer pH 2. (B) As in (A), 
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for scan rates 0.01, 0.005, 0.002, and 0.001 V s-1. (C) A double-logarithmic plot of anodic 

peak current versus scan rate. (D) As in (A) for the initial and final potential cycles (scan 

rate of 0.5 V s-1). (E) As in (A), comparing the effect of pH during immobilisation (scan rate 

0.1 V s-1). (F) Schematic drawing of the thin layer redox process..................................... 101 

Fig. 4.4 Determination of apparent binding constants of catechin in PIM-EA-TB. (A) 

Cyclic voltammograms (3 mm diameter glassy carbon electrode; first cycle, scan rate 0.1 V 

s-1) for catechin-bound PIM-EA-TB film (immobilisation in 0.001, 0.003, 0.01, 0.1, and 0.3 

mM catechin in 0.1 M phosphate buffer pH 2 for 12 h) and immersed into 0.1 M phosphate 

buffer pH 2. (B) Plot of peak current versus logarithm of catechin concentration. (C) As in 

(A), but immobilisation in 0.003, 0.01, 0.03, 0.1, and 0.3 mM catechin in 0.1 M phosphate 

buffer pH 6 for 12 h. (D) Plot of peak current versus logarithm of catechin concentration.

 ............................................................................................................................................ 103 

Figure 4.5 pH effects during voltammetry on catechin-immobilised PIM-EA-TB by 

absorbing or co-deposition method.  (A) Cyclic voltammograms (3 mm diameter glassy 

carbon electrode; scan rate 0.1 V s-1) for catechin bound into a PIM-EA-TB film and 

immersed into 0.1 M phosphate buffer at different pH values (pH = 2, 3, 4, 5, 6, 7, 9, and 

11). (B) As in (A), but comparing pH 2, then pH 13, then back to pH 2. (C) Cyclic 

voltammograms (3 mm diameter glassy carbon electrode; scan rate 0.1 V s-1) for catechin 

co-deposited into a PIM-EA-TB film and immersed into 0.1 M phosphate buffer at different 

pH values. (D) As in (C), but comparing pH 2, then pH 13, then back to pH 2. (E) A plot of 

midpoint potential Emid = ½(Ep, ox + Ep, red) versus pH. (F) Photograph showing the PIM-EA-

TB/catechin 1 : 1 film in a glass vial exposed to water and 0.1 M phosphate buffer pH 13.

 ............................................................................................................................................ 104 

Figure 4.6 Enhancement of surface area and thereby redox current response of 

catechin-absorbed PIM-EA-TB.  (A) Cyclic voltammograms (3 mm diameter glassy 

carbon electrode with 0.36 mg carbon microspheres and 15 μg PIM-EA-TB; scan rate 0.5, 

0.2, 0.1, 0.05, 0.02, and 0.01 V s-1) for catechin bound into a PIM-EA-TB film 

(immobilisation in 0.005 mM catechin in 0.1 M phosphate buffer pH 2 for 12 h) and 

immersed into 0.1 M phosphate buffer pH 2. (B) As in (A), for scan rates 0.01, 0.005, 0.002, 

and 0.001 V s-1. (C) A double-logarithmic plot of anodic peak current versus scan rate. (D) 

As in (A), for the first and second potential cycles and comparison to data obtained without 

carbon microspheres for the first and second potential cycles (scan rate 0.1 V s-1). (E and F) 

Scanning electron micrographs (SEM) of carbon microsphere/PIM-EA-TB deposits. ..... 105 

Figure 4.7 Electrochemical results for catechin-immobilised PIM-EA-TB by 

codeposition method. (A) Cyclic voltammograms (3 mm diameter glassy carbon electrode; 

scan rate 0.5, 0.2, 0.1, 0.05, 0.02, and 0.01 V s-1) for catechin co-deposited with PIM-EA-

TB into a film (2 μg catechin with 2 μg PIM-EA-TB) and immersed into 0.1 M phosphate 

buffer pH 2. (B) As in (A), for scan rates 0.01, 0.005, 0.002, and 0.001 V s-1. (C) Double-

logarithmic plot of anodic peak current versus scan rate. (D) As in (A), for 20 μg catechin 

with 2 μg PIM-EA-TB showing potential cycles 1, 2, 3, and 10 (scan rate 0.1 V s-1). (E) As 

in (A), comparing (i) 20 μg catechin/2 μg PIM-EA-TB cycle 1, 20 μg catechin/2 μg PIM-

EA-TB cycle 3, 2 μg catechin/2 μg PIM-EA-TB cycle 1, and 0.2 μg catechin/2 μg PIM-EA-

TB cycle 1 (scan rate 0.1 V s-1). (F) Schematic illustrating the thin layer redox process. . 106 

Figure 4.8 Electrochemical behaviours of quercetin-immobilised PIM-EA-TB by co-

deposition method. (A) Cyclic voltammograms (3 mm diameter glassy carbon electrode; 

scan rate 0.5, 0.2, 0.1, 0.05, 0.02, and 0.01 V s-1) for quercetin co-deposited with PIM-EA-

TB into a film (2 μg quercetin with 2 μg PIM-EA-TB) and immersed into 0.1 M phosphate 
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buffer pH 2. (B) As in (A), for scan rates 0.01, 0.005, 0.002, and 0.001 V s-1. (C) Double-

logarithmic plot of anodic peak current versus scan rate. (D) As in (A), for 20 μg quercetin 

with 2 μg PIM-EA-TB showing potential cycles 1, 2, 3, and 10 (scan rate 0.1 V s-1). (E) As 

in A, comparing 20 μg quercetin/2 μg PIM-EA-TB cycle 1, 20 μg quercetin/2 μg PIM-EA-

TB cycle 3, 2 μg quercetin/2 μg PIM-EA-TB cycle 1, and 0.2 μg quercetin/2 μg PIM-EA-

TB cycle 1 (scan rate 0.1 V s-1). (F) Schematic illustrating the thin layer redox process. . 108 

Figure 4.9 pH effects during voltammetry on catechin-immobilised PIM-EA-TB by 

absorbing or co-deposition method.  (A) Cyclic voltammograms (3 mm diameter glassy 

carbon electrode; scan rate 0.1 V s-1) for quercetin co-deposited into a PIM-EA-TB film and 

immersed into 0.1 M phosphate buffer at different pH values (pH = 2, 3, 4, 5, 6, 7, 9, and 

11). (B) As in (A), but comparing pH 2, then pH 13, then back to pH 2. (C) A plot of midpoint 

potential Emid = ½(Ep,ox + Ep,red) versus pH. (D) Photograph showing the PIM-EA-

TB/quercetin 1 : 1 film in a glass vial exposed to water and 0.1 M phosphate buffer pH 13.
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Figure 4.10 Release of catechin or quercetin from PIM-EA-TB. LC-MS data for the 

spontaneous and electrochemically driven release of catechin (A) and quercetin (B and C). 
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Figure 5.2 Schematic illustration of a Nylon mesh substrate that is coated with PIM-EA-TB 

and then exposed to PdCl4
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Figure 5.3 Scanning electron microscopy (SEM) images (A, B) and energy-dispersive X-

ray spectroscopy (EDX) elemental mapping analysis (C) for Pd@PIM-EA-TB coated Nylon 

mesh. .................................................................................................................................. 122 

Figure 5.4 Transmission electron microscopy (TEM) images for Pd@PIM-EA-TB. (A) Pd 

nanoparticles with a mean size of 3.2 ± 0.2 nm evenly distributed in PIM-EA-TB (inset: size 
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Figure 5.5 SEM images with different magnifications (A-C) and EDX elemental mapping 

analysis (D) for Pd/Au@PIM-EA-TB coated nylon mesh. ............................................... 123 

Figure 5.6 TEM analysis for Pd/Au@PIM-EA-TB. (A) Au particles separated by 

ultrasonication. (B) Selected area electron diffraction (SAED) pattern with Au indexing. (C) 

Higher magnification of Au particles. (D) High-resolution image showing d-spacing of 0.239 

nm indexed to (111) facet of Au. (E) Fast Fourier transform (FFT) diffraction pattern of (D).
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Figure 5.9 Evaluation of oxygen consumption and hydrogen production on Pd@PIM-

EA-TB catalyst by a Clark sensor. (A) Clark probe oxygen current-time transients (-0.7 V 

vs. Ag/AgCl applied voltage) in water, 0.5 mM, 2 mM, and 4 mM HCOOH. (B) A plot of 

the approximate Clark probe oxygen responses versus HCOOH concentration. (C) Clark 

probe hydrogen current-time transients (+ 0.6 V vs. Ag/AgCl applied voltage) in 0.5 to 200 

mM HCOOH. (D) A plot of the approximate Clark probe hydrogen response versus HCOOH 

concentration (error bars estimated ± 20%) in ambient condition (grey square plot) and argon 

(green round plot). (E) Schematic illustration of catalytic reactions at Pd@PIM-EA-TB. (F) 

Illustration of fluxes to and from the Nylon disk with catalyst.......................................... 128 

Figure 5.10 Evaluation of oxygen consumption and hydrogen production on 

Pd/Au@PIM-EA-TB catalyst by a Clark sensor. (A) Clark probe oxygen current time 

transients in water, 2 mM, 4 mM, 10 mM, 20 mM, 40 mM, and 100 mM HCOOH. (B) A 

plot of the approximate Clark probe oxygen response versus HCOOH concentration (error 

bars estimated ± 20%). (C) Clark probe hydrogen current time transients in 2 to 1000 mM 

HCOOH. (D) A plot of the approximate Clark probe hydrogen response versus HCOOH 

concentration (error bars estimated ± 20%). (E) Schematic illustration of catalytic reactions 

at Pd/Au@PIM-EA-TB. ..................................................................................................... 131 

Figure 5.11 Quantification of H2O2 produced at Pd@PIM-EA-TB or PdAu@PIM-EA-

TB from oxygen and formic acid. (A) A plot of H2O2 concentration as a function of time 

(one Nylon disk modified with Pd@PIM-EA-TB in 10 mL stirred solution) for 2 mM formic 

acid concentration. (B) A plot of H2O2 concentration after 2 h reaction (one nylon disk 

modified with Pd@PIM-EA-TB in 2 mL stirred solution) as a function of formic acid 

concentration. (C) A plot of H2O2 concentration as a function of time (one Nylon disk 

modified with Pd/Au@PIM-EA-TB in 10 mL stirred solution) for 10 mM formic acid 

concentration. (D) A plot of H2O2 concentration after 2 h reaction (one Nylon disk modified 

with Pd/Au@PIM-EA-TB in 2 mL stirred solution) as a function of formic acid 

concentration (error bars based on variations in catalyst disks and Clark probe responses 

estimated ± 20%). ............................................................................................................... 133 

Figure 5.12 Reactivity of Pd/Au@PIM-EA-TB for H2O2 production. (A) A plot of 

H2O2 concentration formed at Pd/Au@PIM-EA-TB in the presence of 10 mM formic acid 

as a function of time. Data sets for one Nylon disk (black) and two Nylon disks (grey) 

modified with Pd/Au@PIM-EA-TB in a 10 cm3 stirred solution. (B) A plot of 

H2O2 concentration formed at Pd/Au@PIM-EA-TB in the presence of 10 mM formic acid 

as a function of time. Data sets for 0.2 mM oxygen (black) and 1 mM oxygen (green) for 

one Nylon disk modified with Pd/Au@PIM-EA-TB in a 10 cm3 stirred solution. (C) A plot 

of H2O2 concentration formed at Pd/Au@PIM-EA-TB in the presence of 10 mM formic acid 

at 1 h reaction time for repeat experiments (one Nylon disk modified with Pd/Au@PIM-EA-

TB in 2 cm3 stirred solution) (error bars based on variations in catalyst disks and Clark probe 

responses estimated ± 20%). .............................................................................................. 135 

Figure 5.13 Schematic illustration of the effect of the Galvani potential on the reaction 

rate. (A) Oxidation of formic acid and reduction of oxygen leads to a mixed potential on 

Pd. (B) On Pd oxidation of formic acid and reduction of oxygen form mixed potential ① 

and after depletion of oxygen, the potential shifts to ②. (C) On Pd/Au oxidation of formic 

acid on Pd leads to a mixed potential for reduction of O2 on Pd ①, then reduction of O2 to 

H2O2 on Au ②, then reduction of H2O2 on Au ③, and, finally, reduction of protons to 

hydrogen ④. ...................................................................................................................... 136 
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Figure 6.2 (A) Scanning electron microscopy image (SEM, back scatter mode) and EDX 

mapping for C, O, N, and Pd. (B) Field emission scanning electron microscopy (FESEM) 

images of the Pd@PIM-EA-TB coated Nylon fibre with 5 nm sputter coated chromium to 

suppress charging. .............................................................................................................. 148 

Figure 6.3 Transmission electron microscopy (TEM) images for Pd@PIM-EA-TB. (A) Pd 

nanoparticles distributed in PIM-EA-TB. (B, C) Higher magnification images show particles 

with a mean size of 3.0 ± 0.1 nm (insets: size distribution of Pd nanoparticles). (D) High-

resolution image showing d-spacing of 0.22 nm indicating the (111) crystal facet of Pd..149 

Figure 6.4 Schematic representation of the PIM-EA-TB fragment on its most favourable 

adsorption configuration on a p(5×5) Pd(111) supercell. Distances are given in Å. Grey, 

brown, pale blue, and white balls indicate Pd, C, N and H atoms, respectively. ............... 151 

Figure 6.5 Schematic representation of the PIM-EA-TB fragment adsorbed on Pd(111). a 

and b show side view of the two configurations tested in a p(3×3). c and d show the top 

view of a and b including the simulation unit cell as the black frame. Grey, brown, pale blue 

and white balls indicate Pd, C, N and H atoms respectively. ............................................ 152 

Figure 6.6 (A) Reaction scheme for the TMB colour reaction induced by oxidation. 29 (B) 

Effect of formic acid concentration on TMB reactivity in the presence of Pd@PIM-EA-TB. 

Photographs are shown of vials with 580 µM TMB in different concentrations of formic acid 

ranging from 0 to 100 mM (stirred in the dark, 16 % DMSO to aid solubility) as a function 

of reaction time. ................................................................................................................. 153 

Figure 6.7 (A) Effect of pH values on TMB reactivity. Photographs of 580 µM TMB in 10 

mM HCOOH/HCOONa with a pH value ranging from 3 to 6.5 in the presence of Pd@PIM-

EA-TB (stirred in the dark, 16% DMSO) as a function of reaction time. (B) Effect of acids 

on H2O2 catalysis for TMB. Photographs of 580 µM TMB in 10 mM H2O2 in the presence 

of 10 mM formic, acetic, perchloric, phosphoric, hydrochloric acid, and 10 mM NaH2PO4 

(reaction time 2 h, no catalyst, 16% DMSO to aid solubility). (C) Illustration of the TMB 

oxidation process in the presence of Pd@PIM-EA-TB and HCOOH: Pd catalysed formation 

of H2O2 (Process I) followed by homogeneous oxidation of TMB (Process II). ............... 154 

Figure 6.8 (A) Plot of H2O2 concentration as a function of time (one Nylon disk modified 

with Pd@PIM-EA-TB in 10 mL stirred solution) for 20 mM formic acid concentration. (B) 

A plot of H2O2 concentration after 2 h reaction (one Nylon disk modified with Pd@PIM-

EA-TB in 2 mL stirred solution) as a function of formic acid concentration. (C) A plot of 

H2O2 concentration after 2 h reaction (one Nylon disk modified with Pd@PIM-EA-TB in 2 

mL stirred solution) as a function of formic acid concentration at fixed pH of 3.75. ........ 156 

Figure 6.9 (A) Schematic reactions at Pd nanoparticles. (B) Effect of concentration of 

HCOOH at a fixed pH of 3.5 on H2 and O2 levels. A plot of approximate Clark probe H2 

response (green) and O2 consumption response (grey) versus formic acid concentration at 

pH of 3.75. (C) A plot of H2O2 concentration formed at Pd@PIM-EA-TB in the presence of 

50 mM HCOOH (or HCOONa) with/without 50 mM HClO4 (or NaClO4) as a function of 

pH. Data sets for 2 mL stirred solution without ClO4
- (grey), with ClO4

- (red) after 2 h 

reaction time. (D) A plot of Clark probe H2 and O2 responses in the presence of 50 mM 

HCOOH (or HCOONa) with (red) or without (grey) 50 mM ClO4
- as a function of pH. . 157 

Figure 6.10 Schematic representation of the key structures along the H2O2 formation (left) 

assisted by the PIM-EA-TB fragment/Pd(111) and (right) on naked Pd(111). Inset distances 
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and angles are in Angstroms and degrees respectively. Grey, brown, pale blue and white 
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steps. Letters a-e represent the surface intermediates as depicted in Figure 6.10. The last step 

indicates the H2O2 energy in the gas phase relative to reactants. ....................................... 161 
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dehydrogenation followed by C-H dehydrogenation. Inset values indicate the activation 
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Chapter Abstract 

 

Polymers of intrinsic microporosity (PIMs) have emerged as a class of glassy microporous 

materials with high free volume, good gas permeability, good selectivity, and excellent 

processibility. Unlike other crystalline or cross-linked microporous materials, PIMs display 

intrinsic microporosity due to their highly rigid polymer chains causing free volume 

elements. The rigidity in the backbone limits molecular interactions inside the polymers 

leading to good solubility and processibility. Free-standing films and coatings can be readily 

prepared by dissolving PIMs in organic solvents and casting on targeting substrates such as 

electrodes. Due to the microporosity and good permeability to both gases and liquids, 

catalysts or electrodes modified by PIMs will remain active. This results in opportunities for  

PIMs to be applied in electrochemistry. The selectivity of PIMs towards different species in 

liquids enables applications as separation membranes in ionic diodes, in corrosion protection, 

and in energy storage and conversion. Furthermore, metal-free or metal-containing 

heterocarbons obtained by carbonisation of PIMs retain microporosity and permeability. 

 

In this chapter, an introduction to PIMs is given. The design and synthesis strategies of 

typical PIMs, in particular PIM-1 and PIM-EA-TB, are explained, which leads to the 

properties and corresponding applications. The applications of PIMs in electrochemistry, 

catalysis, and in photocatalysis are emphasised. Finally, the aims of the work are summarised. 
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1.1 Design and Synthesis of PIMs 

Conventional microporous materials (such as zeolites, metal-organic frameworks or MOFs) 

are generally either crystalline or cross-linked structures causing poor solubility and 

restricted film applications. The concept of Polymers of Intrinsic Microporosity (PIMs) was 

proposed by Budd et al. 1 to achieve a solution-processed membrane which can be further 

used to make devices such as sensors 2,3, gas separators 4,5, and electrochemical systems 6,7.  

The definition of PIM is a ‘Polymer that is composed of a fully (or predominantly) fused-

ring macromolecular chain that is fixed in a 2D or 3D random coil conformation due to sites 

of contortion, such as bridged bicyclic or spirocyclic units, so that they pack space 

inefficiently in the solid state’. 8 The intrinsic microporosity in PIMs is generated from the 

rigid and contorted macromolecular chains with inefficient space packing in the solid state. 

9 So the design idea is to employ non-linear and conformationally locked monomers and a 

polymerisation reaction providing linkage with prohibited or hindered rotation (see Figure 

1.1). 9,10 There are a few polymerisation reactions proven to be efficient in preparing PIMs, 

particularly based on dibenzodioxane formation (e.g. PIM-1), Tröger’s base formation (e.g. 

PIM-EA-TB), and imide formation. Here the focus is on the former two reactions. 

 

Figure 1.1 Design strategy of PIMs. The synthesis of PIMs requires both conformationally 

locked structural units and a polymerisation reaction that generate a linking group in which 

rotation is prohibited or hindered. 8,10 

 

Dibenzodioxane Reaction. The polymerisation using dibenzodioxane formation involves 

the aromatic nucleophilic substitution (SNAr) mechanism between a biscatechol and a 
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tetrahalide-containing monomer. Figure 1.2A shows a typical SNAr reaction, in which a 

nucleophile (Nu ) attacks an electron-poor aromatic molecule, giving the substitution of a 

leaving group. The first successful example based on this reaction is PIM-1 (see molecular 

structure in Figure 1.2B). The original method of making PIM-1 is named the “low 

temperature method”, which is performed by the reaction between two monomers of 5,5'6,6'-

tetrahydroxy-3,3,3',3'-tetramethyl-1,1'-spirobisindane, the nucleophile, and 2,3,5,6-

tetrafluoroterephthalonitrile, the electron-poor aromatic molecule, at 50-60 °C for 24-72 h 

in the presence of potassium carbonate powder. 1 Fluorine is the leaving group due to its 

high electronegativity. In this reaction, the concentration of monomer is critical as cross-

linking happens at high concentrations, whereas oligomers form at low concentrations. 

Meanwhile, a sufficiently high average molecular mass (typically Mn > 30×103 g/mol) is 

needed to ensure the mechanical robustness of casting films. 

 

Figure 1.2 (A) An example of nucleophilic aromatic substitution (SNAr); (B) PIMs 

prepared using dibenzodioxane polymerisation 9 

 

Tröger’s Base Formation. Tröger’s base (TB), also named as 2,8-dimethyl-6H,12H-5,11-

ethanodibenzo[b,f][1,5]diazocine, is prepared by an electrophilic aromatic substitution 

mechanism. The reaction is excellent in producing six new covalent bonds by one step from 

an aromatic amine and formaldehyde or a formaldehyde replacement. The bridged bicyclic 

structure in TB provides a contorted site, which therefore makes it applicable in the synthesis 

of rigid PIMs. The synthesis of PIM-EA-TB relies on TB polymerisation (Figure 1.3). 

Generally, only one type of aromatic monomer is needed in this reaction. There are amine 

sites in the monomer of PIM-EA-TB (see Figure 1.3B), which can be protonated in acidic 

solutions. Once protonated, PIM-EA-TB attracts anions such as PdCl4
2-, which allows metal 

nanoparticle formation/immobilisation in micropores by reduction reaction. 
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Figure 1.3 PIMs prepared using Tröger’s Base polymerisation 9 

 

1.2 Properties of PIMs 

Microporosity. The intrinsic microporosity of PIMs results from inefficient chain packing 

in the solid state. Taking PIM-1 (Figure 1.2 B) for example, the fused ring structure of the 

dibenzodioxin linkage and the spiro-centre cause the rigid and contorted chain structure and 

thereby generate intrinsic microporosity.  With good microporosity of PIMs, comes high 

surface area (typically 1000 m2 g-1 apparent BET surface area). The pore size and surface 

area of PIM-1 and PIM-EA-TB are summarised in Table 1.1.  

 

Table 1.1 Solubility and microporosity of PIMs. 

PIMs Solubility 
Surface Area 

(BET) (m2/g) 
Pore Size (nm) Reference 

PIM-1 CHCl3, THF 760-850 0.4-0.8 1,11,12 

PIM-EA-TB CHCl3, CH2Cl2 1028 1.4 (average) 13,14 

 

Solubility. Solubility in common organic solvents is a key property of PIMs. The rigidity 

and contortion of chain structures reduce inter-chain cohesion and promote the absorption 

of solvent into PIMs, resulting in good solubility. 10 With intrinsic microporosity (pore size 

< 2 nm), PIMs provide nanochannels for liquids to coexist. 15 PIM-1 is readily soluble in 

common organic solvents like tetrahydrofuran and chloroform (Table 1.1). PIM-EA-TB 

displays good solubility in chloroform and dichloromethane (Table 1.1), likely stemming 

from H-bonding interaction between the tertiary amine and the solvent 10. The good 

solubility of PIMs enables their processibility by casting into free-standing films through 

casting for further applications. 
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Thermal and Mechanical Properties. Generally, PIMs present thermo-oxidative stability 

and degrade at a temperature higher than 250 °C in air. Glass transition temperatures (Tg) of 

PIMs are very high and difficult to locate before thermal decomposition. However, a 

technique called fast scanning calorimetry (FSC) has been applied to determine the Tg where 

thermal decomposition of polymers was avoided by applying ultrafast heating rates. Results 

show that values of Tg are 663 K for PIM-EA-TB and 644 K for PIM-1, respectively. 16 Such 

good thermal stability of PIMs enables them to be applied over a wide range of temperatures. 

Notably, PIM membranes/films show good mechanical strength and robustness suited for 

gas permeability measurements, and gas storage and separation membranes. 14,17 

Gas Adsorption. The adsorption of nitrogen (N2) at 77 K is typically used to detect porosity. 

The isotherm results provide information on apparent internal surface area and pore size 

distribution. 18 PIMs with highly rigid structures and large inter-chain distances tend to show 

significant adsorption of gases at a low relative pressure (P/P0 < 0.01). According to the 

result of N2 isotherms, the internal surface area (SABET) can be calculated despite PIM 

swelling during N2 adsorption. 19 

Gas Permeability. The gas permeability of PIMs is generally used to assess the potential of 

PIMs as membranes for gas separation. 20 Gas separation performance of polymer 

membranes is limited by distinct trade-off relations: more permeable polymers are less 

selective and vice versa. 21 The continuous free volume elements inside PIMs acting as 

nanopores provide gas transport pathways. For PIMs with larger free volume elements, both 

smaller gas molecules (such as He and H2) and larger ones (like N2 and CH4) can access 

their internal pores, which means high permeability yet less selectivity. 8 Furthermore, the 

permeability-selectivity trade-off relates significantly to the continuum of the size 

distribution of elements of free volume within polymers. Accordingly, tightly chain-packed 

polymers provide low permeability but good selectivity, whereas polymers with loose chain-

packing display high permeability yet poor selectivity. Specifically, PIMs with great chain 

rigidity (e.g. PIM-EA-TB 22 and PIM-Trip-TB 23) provide great selectivity resulting from 

the greater thermal activation energy demanded to open sufficiently large apertures or space 

to allow larger gas molecules to move from one free volume to another compared to that 

required for smaller gas molecules. 10,24,25 
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1.3 Applications of PIMs in Electrochemistry 

PIMs show good solubility in common organic solvents and excellent processability into 

films/membranes by casting. Their characteristic features, including high porosity, good 

permeability to both gas and liquid, and chemical stability, making them attractive for a wide 

range of applications such as gas storage, 26 gas and liquid separation, 5,27 gas phase sensing, 

6 energy storage and conversion, 28 as well as electrochemistry 7 and catalysis 29. These 

applications of PIMs in electrochemistry, catalysis and electrocatalysis will be discussed. 

One of the exceptional characteristics of PIMs is that when applied on or mixed with other 

solid materials (electrodes or catalysts), the activities of the surface will not be diminished 

or blocked. The continuous free volume elements of PIMs provide paths for reagent species 

(gases and/or liquids) to diffuse in and products to diffuse out. Meanwhile, PIMs can create 

triphasic interfaces on which solids (catalysts), gases, and liquids (reagents or products) will 

maintain their reactivity without compromising permeability in PIMs. The common ways of 

applying PIMs into electrochemical systems are: (i) modifying catalysts or electrodes with 

a PIM coating, (ii) immobilising or absorbing reactive species into PIM films, (iii) applying 

self-standing PIM membranes as separation and/or permeable membranes, (iv) decorating 

electrodes with PIM nanoparticles, and (v) carbonising PIMs with/without immobilised 

species. 

Molecular structures listed in Figure 1.4 will be mentioned in the following discussion of 

PIM applications. A summary of PIM applications in electrochemistry is presented in Table 

1.2. Up to now, PIM-1 and PIM-EA-TB are of the most dominant materials applied in 

electrochemistry applications. 
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Figure 1.4 Molecular structures of selected PIMs. 

 

Table 1.2 A summary of PIM applications in electrochemistry. Note that “GCE” stands for 

glassy carbon electrode. FeTPP is an abbreviation of tetraphenylporphyrinato-Fe(II). “SEI” 

means solid-electrolyte-interphase. 

PIMs State 
Electrode 

Configuration 
Application Ref. 

PIM-EA-TB 

film 
Pd lamella @ PIM-

EA-TB film / GCE 

Electrocatalytic 

oxidation of HCOOH 
31 

film 
FeTPP@PIM-EA-TB 

film / GCE 

Electrocatalytic 

reduction of O2 and 

H2O2 

33 

film 
PIM-EA-TB film / Au 

nanoparticles / ITO 

Electrocatalytic 

oxidation of glucose 
34 

film Free-standing film Ionic diode 42, 44 

film Free-standing film 
Electro-osmotic 

molecular pumping 
48 

carbon 
Pd@carbonised PIM-

EA-TB 
Gas redox reactions 52 

PIM-1 

carbon Carbonised PIM-1 
Active material in 

supercapacitors 
51 

film 
PIM-1 film on 

polyacrylonitrile 

supports 

All-vanadium redox 

flow battery 
35 

film 
PIM-1 film on 

electrodes 

Artificial SEI layers in 

batteries 
40 
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PIMs State 
Electrode 

Configuration 
Application Ref. 

PIM-1 

nanoparticles 

PIM-PY nanoparticles 

on Pt or GCE 

electrode 

Enhancing O2 and H2 

binding and thus their 

electrocatalytic 

reactivity 

63 

film 
Pt@g-C3N4/PIM-1 

coating 

Photocatalytic H2 

generation in the 

presence of quencher 

64 

film 

Pt@g-C3N4/PIM-1 

coating on a Clark 

probe 

Photocatalytic H2 

production and O2 

consumption 

66 

Film or 

particles 
g-C3N4@PIM-1 

Photocatalytic H2O2 

production 
67 

PIM-EA-TB-

H2 
carbon 

Pt@carbonised PIM-

EA-TB-H2 

Selective oxidation of 

H2 
53 

PIM-Trip-TB membrane 
Free-standing 

membrane 

Enhancement of 

membrane gas 

selectivity 

23 

PIM-PY nanoparticles 

PIM-PY nanoparticles 

on Pt or GCE 

electrode 

Enhancing O2 and H2 

binding and thus their 

electrocatalytic 

reactivity 

63 

PIM-7 film Pd@PIM-7 

Electrocatalytic H2 

evolution and 

HCOOH oxidation 

62 

 

 

Electrochemical Methods Based on PIM-modified Electrodes. Electrode modification by 

PIMs is readily achieved by drop-casting or spin-coating a thin layer of film from a PIM 

solution onto an electrode (different cases of PIM components electrodes are shown in 

Figure 1.5). The PIM solution could be pure PIM or PIM incorporated with other reactive 

species. The electrode could be bare (glassy carbon electrode, Pt electrode, graphene 

electrode, or any other types of conducting substrates like indium tin oxide (ITO) or fluorine-

doped tin oxide (FTO)), or an electrode with pre-deposited active materials on the surface. 

Generally, PIMs act as a scaffold providing robust porosity for reactions to happen, but also 

preventing the formation of macroscopic gas bubbles and promoting the surface reactivity 
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when gas evolution is involved in the electrochemical reaction. 30 The developments of PIM 

applications in electrochemistry over recent years are summarised in Figure 1.6. 

One of the remarkable features of PIMs is the versatility of their synthesis, making it possible 

to introduce different functional groups into the structure. 9 Taking PIM-EA-TB for example, 

there are tertiary amines in the polymer backbone, which allows protonation to happen, 

leading to further binding with anions (e.g. PdCl4
2-) 31. PIM-EA-TB films can also 

incorporate/absorb redox active species like indigo carmine to complement the intrinsic 

cation charge in the polymer structure (Figure 1.5A). 31 Both species mentioned here display 

redox reactivity when tested under electrochemical conditions immersed in an electrolyte. 

Apart from providing permeability towards small species, PIMs are also used to immobilise 

large guest molecules. PIM-EA-TB was reported to form an organo-gel (Figure 1.5B) with 

an organic water-immiscible phase called 4-(3-phenyl-propyl)pyridine (PPP). 32 An example 

redox active metal complex tetraphenylporphyrinato-Mn(III)Cl (MnTPP) was embedded in 

the organo-gel phase and showed cyclic voltammetry responses for the Mn(II/III) redox 

reaction. The mechanism of this process was explained as a combination of electron transfer 

(electrode | organo-gel) and anion transfer (electrolyte | organo-gel). In this case, PIM-EA-

TB acts as a scaffold to stabilise the organo-gel / aqueous electrolyte phase boundary. 

For species soluble in chloroform or THF, it is readily conceivable to immobilise them into 

PIMs by co-deposition of a mixed solution of PIMs and species (Figure 1.5C). The 

encapsulation of tetraphenylporphyrinato-Fe(II) or FeTPP into PIM-EA-TB film was 

achieved by drop-casting the same chloroform solution (containing FeTPP and PIM-EA-TB) 

onto a glassy carbon electrode. 33 The resulting film was electrochemically active and 

investigated to detect O2 and H2O2. 
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Figure 1.5 Different ways to apply PIMs membrane and active species onto electrodes. (A) 

Applying pure PIMs membrane onto an electrode, and then absorbing species from solutions; 

(B) Mixing PIMs and active species (not soluble in chloroform or THF) with another organo-

solvent to form an organo-gel; (C) Dissolving PIMs and active species into the same solvent 

(chloroform or THF) and then co-depositing the mixture onto electrodes; (D) Depositing 

active species on electrodes followed by PIM coating over the surface. 

 

In addition to encapsulating different electroactive materials into PIMs by absorbing, mixing, 

and co-depositing, it is possible to directly apply a thin PIM film over the surface of catalysts 

(Figure 1.5D). This can protect and enhance the properties of the catalyst. Gold nanoparticles 

were electrodeposited on an ITO electrode, followed by coating a thin layer of PIM-EA-TB. 

34 The PIM coating not only enhanced the reactivity of Au nanoparticles towards glucose 

catalytic oxidation, but prevented the poisoning from proteins in the solution, probably 

because of size selectivity. 

 

Electrochemical Methods Based on PIMs-Membranes. The facile production of free-

standing PIM membranes makes it feasible to study ion transport inside the polymer as well 

as applications of PIMs in batteries, and in energy conversion. For adapting PIM membranes 

to different applications, methods are used to produce robust macro-sized (several cm2 or 

even larger) or smaller sized (a few μm2) films. In the former, spin-coating PIM solution on 

a smooth solid substrate, followed by evaporation, lifting, and transferring onto another 

substrate will give a uniform film with controllable thickness and area. Alternatively, for the 



30 

 

latter, inert substrates (for example, polyethylene terephthalate, or PET film) with laser 

drilled micro-holes can be used to define the effective area of PIM membranes. 

Excellent processibility, permeability and selectivity to species in liquids have been essential 

for PIMs to be applied in energy storage and conversion. PIMs have been shown to have 

high proton/vanadium selectivity for all-vanadium redox flow battery system (PIM-1 35), 

high polysulfide-blocking ability for lithium-sulfur flow battery systems (cross-linked PIM-

1 36), and self-healing anti-corrosion ability for the protection of aluminium alloy (PIM-1 37).  

Moreover, PIMs can suppress copper colloidal corrosion (PIM-EA-TB 38), act as an artificial 

solid-electrolyte-interphase (SEI) layer in batteries to avoid dendrimer growth (PIM-DMBP-

TB 39, PIM-1 40), and stabilise catalysts in fuel cells (PIM-EA-TB 41). 

When applied to a PET film with micro-holes, PIM-EA-TB films were demonstrated to act 

as an ionic diode and tested by a four-electrode voltammetry experiment. 42 Protonation of 

the polyamine happens at approximately pH < 4, which is responsible for the ability of PIM-

EA-TB to switch from neutral anion/cation-conducting to protonated anion-conducting 

behaviour. PIM-EA-TB asymmetrically deposited onto PET micro-holes was shown to 

exhibit ionic rectification behaviour leading to potential applications in water desalination. 

43 Further studies indicate PIM-EA-TB with pH-induced reversal of ionic diode polarity, 44 

and anion uptake and transport effects 45. Other types of ionic diodes were developed by 

Putra et al. 46 by creating heterojunctions between PIM-EA-TB and Nafion polymer. The 

heterojunction diode was proposed to be sensitive to perchlorate and potassium ions as a 

sensor. 47 

Molecular transport through PIM membranes is also of great interest in terms of better 

understanding of the structure inside PIMs, accumulation and removal of pollutants, or water 

molecules transport during electroosmosis. Electro-osmotic molecular pumping phenomena 

through PIM-EA-TB membranes were investigated by Li et al. 48. The binding and 

accumulation of caffeic acid into PIM-EA-TB microchannels caused modulation of the ionic 

current. A voltage-driven caffeic acid pump was proposed. Furthermore, the electroosmotic 

transport of water through PIM-EA-TB was observed coupled to chloride anion transport. 49 

 

Electrochemical Methods Based on carbonised PIMs. PIMs are carbonised (cPIM) 

without loss of the microporosity structure during vacuum thermolysis, resulting in 

electrically conducting porous heterocarbons (nitrogen retaining from functional groups of 
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the PIM structure). One of the carbon products from PIM-EA-TB at 500 °C showed pH-

dependent capacitance – higher capacitance in acidic solution probably undergoing redox-

driven proton insertion and expulsion. 50 Another microporous caron powder produced from 

PIM-EA-TB-H2 exhibited pH-dependent capacitance switching over a wide pH range after 

being immersed into aqueous HClO4. 50 Moreover, a hierarchical porous carbon based on 

PIM-1 was produced by Jeon et al. 51 to be applied as active material in supercapacitors 

showing long-term cycling stability. 

Composites of metal and cPIM (or metal@cPIM) can be produced by pre-impregnating a 

metal precursor into PIMs followed by the carbonisation process. Based on this routine, 

Pd@cPIM was prepared by Liong et al. 52 by immobilising PdCl4
2- into PIM-EA-TB and 

vacuum carbonisation. Liquid and gas can bind simultaneously to Pd@cPIM, creating 

triphasic conditions, giving rise to selectivity towards gas redox reactions, particularly H2 

oxidation or O2 reduction. 

By embedding PtCl6
2- into PIM-EA-TB-H2, Pt nanoparticles within heterocarbon (or 

Pt@cPIM) were produced by Adamik et al. 53 after carbonisation at 700 °C. Pt@cPIM has 

been demonstrated to be reactive towards H2 oxidation instead of bigger molecules in 

methanol oxidation or in oxygen reduction. Direct formation of H2O2 was observed with this 

catalyst in the presence of O2 and H2. 

 



32 

 

 

Figure 1.6 Developments of applications of PIMs in electrochemistry and electrocatalysis 

 

1.4 Applications of PIMs in Catalysis and in Photocatalysis 

PIM materials, as inert microporous hosts, are employed to incorporate catalysts or 

photocatalysts in electrochemical processes. Rigid microporosity in PIMs provides access to 
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active surface sites and sometimes induces reactions in a confined environment, thus 

catalytically enhancing the reaction rate. 29 PIMs and modified PIMs in the form of both 

nanoparticles and films have been used for catalysis applications for C-C bond formation, 

CO2 conversion and cyclisations, and oxidation reactions. 54 In this introduction, the focus 

is on applications of PIMs in catalysis and photocatalysis are focused on and elaborated in 

detail. 

 

Applications of PIMs in Catalysis. PIMs have been applied to aid catalytic oxidation of 

aliphatic/aromatic alcohols and carbohydrates. The immobilisation of 4-benzoyloxy-2,2,6,6-

tetramethylpiperidine-1-oxyl (4B-TEMPO) into PIM-EA-TB by co-deposition was reported 

to produce films with catalytic reactivity towards oxidation of alcohols in alkaline condition 

55 and towards oxidation of glucose, sorbitol, and sucrose 56.  

PIMs can create triphasic conditions beneficially affecting the interfacial reaction and the 

permeability to both gas and liquid. Metal nanoparticles were demonstrated to be embedded 

in PIMs to resist poisoning, 57 detrimental loss, and corrosion 58. Silver nanoparticles coated 

with PIM-EA-TB were shown to be electrocatalytically active towards two-electron 

reduction of nitrate to nitrite. 59 The PIM-EA-TB polymer coating provided mechanical 

protection and prevents loss and dislodgement of silver catalyst. Platinum, as a fuel cell 

anode catalyst, was shown to be stabilised by PIM-EA-TB coating for three different fuel 

cell anode reactions: methanol oxidation, ethanol oxidation, and formic acid oxidation. 60 

PIM-EA-TB was reported to produce conducting platinum nanoparticle networks which 

could be beneficial in electrocatalysis and sensing. 61 Furthermore, the catalytic reactivity of 

palladium towards hydrogen evolution and formic acid oxidation was enhanced by applying 

a PIM-7 coating. 62 

PIMs have also seen employed in the form of nanoparticles. Both PIM-1 and PIM-PY 

nanoparticles were produced by an anti-solvent precipitation method. 63 Typically, a PIM 

chloroform solution being dropped into vigorously stirred absolute alcohol solutions like 

isopropanol or ethanol is a way to produce PIM nanoparticles. PIM nanoparticles can be 

separated from the alcohol suspension by a high-speed centrifuge. Voltammetry results 

suggest hydrogen and oxygen binding to PIM nanoparticles on the electrode surface. Gas 

storage and binding induce electrocatalytic reactivity for oxygen reduction and for hydrogen 

oxidation.  
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Applications of PIMs in Photocatalysis. PIMs have been applied to help immobilising 

photocatalysts. Graphitic carbon nitride (g-C3N4) with photo-deposited platinum 

nanoparticles, Pt@g-C3N4, has been reported to generate hydrogen under light in the 

presence of hole quenchers. 64 When coated with PIM-1, a higher photocurrent of Pt@g-

C3N4 from hydrogen production was observed. Better performance with PIM-1 was 

proposed due to triphasic conditions created by the microporous film of PIM-1. Further work 

based on Pt@g-C3N4 with PIM-1 coating has been reported for the indirect detection of 

carbohydrates. 65 Sugars or carbohydrates were applied as hole quenchers during the photo-

generation of hydrogen. A connection between potentiometry signal, hydrogen generation, 

and hole quencher (carbohydrates) monitoring was established. PIM-1 in this case made it 

facile to attach catalysts on a thin palladium membrane by simply suspension (Pt@g-C3N4 

catalysts mixed in PIM-1 chloroform solution) casting. Moreover, with the aid of a Clark 

sensor, hydrogen production and oxygen consumption have been detected for Pt@g-C3N4 

with PIM-1 coatings in the presence of hole quenchers with different molecular sizes. 66 

PIM-1 was shown to have distinct size selectivity over quencher species, resulting in high 

reactivity when the quencher was small and flexible (e.g. gluconic acid) instead of big and 

rigid (e.g. raffinose). Recent work by Zhao et al. 67 proved that the absorption of quencher 

(Triton X-100) into PIM-1 host environment has enhanced the photochemical production of 

hydrogen peroxide on g-C3N4. 

Studies show that PIMs themselves can be photocatalysts for pollutant degradation, 

detoxification of chemical warfare agent simulants, or for hydrogen production. Functional 

PIMs with zwitterionic and D–π–A structures produced by Tang and co-workers 68 exhibited 

visible-light-driven catalytic activity for the degradation of organic dyes in the absence of 

sacrificial components or metal co-catalysts. In this PIM structure, phenyl rings link tertiary 

amines (electron donors, D) to the neighbouring quaternized ammonium (electron acceptors, 

A). The visible-light absorption and intramolecular charge-carrier separation/migration are 

boosted by the D–π–A structures. On another study it was demonstrated that porphyrin-based 

PIMs can degrade a mustard-gas simulant under light. 69 Linear conjugated PIMs were 

synthesised and tested as photocatalysts for hydrogen production from water. 70 Porous and 

wettable conjugated PIMs were permeable to water, thus showing high performance without 

the need for added photocatalysts. 
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Overall, PIMs prove to be versatile as hosts for catalysts. This work will contribute to 

developing new combination of catalysts and PIM hosts for catalytic reactions involving H2 

and H2O2 production. 

 

1.5 Project Aims 

The work presented in this thesis aims to explore the potential applications of PIMs for 

biomass conversion with embedded heterogeneous redoxcatalysts. Biomass comprises all 

biological materials, including living or recently living organisms which can be used for the 

generation of different forms of energy (e.g. heat, electrical, and chemical energy) and useful 

material products 71 such as gaseous fuels (e.g. hydrogen), and industrial bleaching agents 

(e.g. hydrogen peroxide). As an abundant and renewable energy source, biomass has been 

considered one of the most promising alternatives to fossil fuels. Most biomass molecules 

are very hard to break up and therefore in this study formic acid is employed as a model case 

for biomass conversion. Formic acid or formate is a simple product which can be yielded 

from model biomass materials like glucose, starch, and cellulose. Formic acid is attractive 

as a sustainable hydrogen source when carrying out fundamental and primary studies. 

The aims of this thesis are: 

• To develop an understanding of the role of PIMs as hosts for heterogeneous catalysis 

for redoxcatalysis. 

• To develop new experimental tools and to explore the mechanisms of reactions 

occurring within PIM composites. 

• To optimise and extend the applications of PIMs for useful product formation (H2 or 

H2O2 from biomass). 
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Chapter Abstract 

In this chapter, fundamental concepts behind electrochemical processes are introduced, 

including basic electrochemistry concepts and electrochemical methods. Thermodynamics 

and electrode kinetics are discussed with regard to two principal expressions, the Nernst 

equation and the Butler-Volmer equation. Mass transport in solution and in membranes are 

and explained. Electrochemical methods including potential step chronoamperometry, cyclic 

voltammetry, and Clark probe chronoamperometry are introduced. Finally, the material 

characterisation methods used in the studies in this thesis are briefly presented. 
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2.1 Basic Electrochemistry 

Electrochemistry is concerned with the interrelation of chemical effects caused by the 

passage of an electric current and the production of electrical energy by chemical reactions. 

It is essential to understand the fundamental principles of electrochemistry since they apply 

to all the electrochemical fields encompassing different phenomena (from electrophoresis to 

corrosion), devices (electroanalytical sensors, batteries, supercapacitors, and fuel cells), and 

technologies (the electroplating of metals). 

Of particular importance are the processes and factors that affect the transport of charge 

across the interface between an electronic conductor (an electrode) and an ionic conductor 

(an electrolyte). Many variables affect the electrochemical behaviour comprising electrode 

variables (material, surface area, and surface condition), mass transfer variables (mode of 

mass transfer, surface concentrations, and adsorption), solution variables (bulk concentration 

of electroactive species, and solvent), and electrical variables (potential and current). 

The electrode reaction, often referred to as electrolysis, happens when the electrons are 

forced in/or out of the electrode. An overall electrode reaction, O + ne- ⇄ R, consists of a 

series of steps causing the conversion of dissolved species, O, to a reduced form, R (Figure 

2.1). The electrode reaction rate is generally controlled by: 

i) Rates of mass transfer (of O from the bulk solution to the electrode surface). 

ii) Rates of chemical reactions. 

iii) Rates of electron transfer at the electrode surface. 

iv) Other reactions such as adsorption and desorption. 

The magnitude of the reaction is defined by one or more slowest steps named rate-

determining steps. The rate constants of electron transfer at the electrode surface depend on 

the potential. Later in this chapter, the factors of thermodynamics, electrode kinetics, and 

mass transport will be discussed in more detail. 

 



46 

 

 

Figure 2.1 Pathway of a general electrode reaction simplified to five steps: 1) transport of 

reactant O to the electrode surface region, 2) adsorption of O to the electrode surface, 3) 

transfer of electrons to reactant O, giving product R, 4) desorption of R, and 5) mass transport 

of R away from the electrode surface to the bulk solution. 

 

2.1.1 Thermodynamics 

The key to driving an electrode reaction is the imposition of an external potential. The unit 

of potential is volt (V = Joule (J) / Coulomb (C)), the energy required to move charge (Q). 

The application of a potential to an electrode therefore alters the energy of the electrons 

within a metal electrode. The energy of the electrons can be raised by driving the electrode 

to more negative potentials generally achieved by connecting a power supply to the electrode. 

Flow of electrons from electrode to solution happens when their energy is higher than the 

lowest unoccupied molecular orbital (LUMO) of the analyte, inducing a reduction current 1 

(Figure 2.2A). Similarly, under a positive potential bias, the electron energy is lowered 

below the highest occupied molecular orbital (HOMO) of the solute, favouring the oxidation 

of the species at the electrode surface (Figure 2.2B). The critical potentials at which these 

processes occur are correlated to the standard potential (E0, as given in the electrochemistry 

theories defined at standard pressure and standard state at a given temperature). 

In electrochemistry, the linkage between electrode potential, or rather the equilibrium 

potential (Eeq), and the concentrations of reactants in the electrode reaction: 

𝑂 + 𝑛ⅇ− ⇄ 𝑅 (2.1) 
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Figure 2.2 Illustration of reduction and oxidation process of a species in solution. (A) 

Negative potential bias raising the Fermi level (EF) of the electrode, resulting in the reduction 

of the analyte; (B) EF of the electrode being lowered by positive potential bias, favouring the 

oxidation of the analyte. 

 

is described by the Nernst equation 2: 

𝐸𝑒𝑞 = 𝐸
0 +

𝑅𝑇

𝑛𝐹
ln
𝑎𝑂
𝑎𝑅

(2.2) 

Here Eeq is the equilibrium potential of the electrode reaction system, E0 is the standard 

potential of the reaction couple, R is the universal gas constant (8.31447 J K-1 mol-1), T is 

the temperature (K), n is the number of electrons transferred per molecule or ion, F is the 

Faraday constant (96485 C mol-1), and a is the activity of the oxidised/reduced species 

(aO/aR). This means that the potential established at the electrode under equilibrium 

conditions is given by the standard potential (a natural characteristic) and activity ratio (an 

experimental condition) of the reactants. 

The Nernst equation is only applicable to reversible systems at equilibrium. The concept of 

equilibrium refers to a process of being able to move in either of two opposite directions 

from the equilibrium position. It can be reached when an appropriate electrode is immersed 

in a solution in which fast electron transfer occurs between the species and the electrode. 

When a thermodynamic equilibrium is established, the oxidation rate of reduced species and 

the reduction rate of oxidised species are the same; therefore, zero current is obtained. 

It is generally inconvenient to deal with activities in evaluations of electrode reactions 

because of unknown activity coefficients (γ). Therefore, the quantity of formal potential (E0’) 
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is introduced into the Nernst equation. The formal potential manifests the link between the 

standard potential and activity coefficients. 

At equilibrium the concentration of redox reactants at the electrode is equal to the 

concentration in bulk.  For a given species x with concentration [x], the activity is: 

𝑎𝑥 = γ𝑥[𝑥] (2.3) 

Substituting the equation 2.3 into the Nernst equation (equation 2.2) yields 

𝐸𝑒𝑞 = 𝐸
0 +

𝑅𝑇

𝑛𝐹
ln
γ𝑂[𝑂]𝑏𝑢𝑙𝑘
γ𝑅[𝑅]𝑏𝑢𝑙𝑘

(2.4) 

which is 

𝐸𝑒𝑞 = 𝐸
0′ +

𝑅𝑇

𝑛𝐹
ln
[𝑂]𝑏𝑢𝑙𝑘
[𝑅]𝑏𝑢𝑙𝑘

(2.5) 

where 

𝐸0
′
= 𝐸0 +

𝑅𝑇

𝑛𝐹
ln
γ𝑂
γ𝑅

(2.6) 

Here, [x]bulk is the concentration of species x in the bulk solution, whereas γx stands for the 

activity coefficient. Note that E0’ varies from medium to medium since the activity 

coefficients are affected by ionic strength. Formal potentials are experimentally measured 

so that they contain factors related to ion interactions. 

The thermodynamic characteristics depicted above predict the possibility of the electrode 

reactions. Whether the reactions occur depends on the rate or kinetics of the electron transfer. 

 

2.1.2 Electrode kinetics 

The rate of electron transfer. The electrode kinetics can be governed by the applied 

potential for a given electrode process. Quantitative rationalisation of the heterogeneous rate 

constant for the electron transfer is essential to give an accurate description of an electrode 

reaction. 

For a general reaction at the electrode 
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𝑂(𝑎𝑞) + ⅇ−(𝑚) 

 

𝑅(𝑎𝑞) (2.7) 

the two reactants in an aqueous solution (O and R) are interconverted by a single electron 

transfer reaction. Here, kred and kox represent the first-order rate constants for the reductive 

and oxidative electron transfer reactions. 

The reduction (cathodic) and oxidation (anodic) currents ired (Equation 2.8) and iox (Equation 

2.9) of reaction 2.7 can be predicted by 

ⅈ𝑟𝑒𝑑 = −𝐹𝐴𝑘𝑟𝑒𝑑[𝑂]0 (2.8) 

ⅈ𝑜𝑥 = 𝐹𝐴𝑘𝑜𝑥[𝑅]0 (2.9) 

where kred[O]0 and kox[R]0 are the respective fluxes of reactants to the electrode surface. The 

net current (i) for the overall reaction is 

ⅈ = ⅈ𝑟𝑒𝑑 + ⅈ𝑜𝑥 (2.10) 

thus 

ⅈ = 𝐹𝐴(𝑘𝑜𝑥[𝑅]0 − 𝑘𝑟𝑒𝑑[𝑂]0) (2.11) 

The transition state model in Figure 2.3 is used to describe chemical kinetics and to establish 

the influence of the applied potential on the rate constants. Figure 2.3 depicts the reaction as 

occurring via a path that contains a transition state. The reactants [O(aq)+e-(m)] need to 

overcome an energy barrier to become product R(aq) 3. 

 

 

Figure 2.3 Free energy plot for a one-electron reduction of species O(aq) to product R(aq), 

illustrating the free energy change of activation of reduction ∆𝐺𝑟𝑒𝑑
‡

 and oxidation ∆𝐺𝑜𝑥
‡

 

Reactions. 𝐺‡ is the free energy of the transition state. 
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The rate of the reduction reaction (kred) can be predicted by the transition state theory as 

𝑘𝑟𝑒𝑑 = 𝐴ⅇ𝑥𝑝 (
−∆𝐺𝑟𝑒𝑑

‡

𝑅𝑇
) (2.12) 

Where ∆𝐺𝑟𝑒𝑑
‡

 is the free energy of activation, and A is a “frequency factor” accounting for 

the collision of the reactant with the electrode surface and the tunnelling probability. 

For the Reaction 2.7, the activation energy for the reductive reaction under fixed temperature 

and pressure is given by 

∆𝐺𝑟𝑒𝑑
‡ = 𝐺‡ − 𝐺𝑜𝑥 (2.13) 

which is simply the free energy change between the reactant O and the transition state (𝐺‡). 

Whilst the oxidative free energy is the difference between the free energy of R and the 

transition state 

∆𝐺𝑜𝑥
‡ = 𝐺‡ − 𝐺𝑟𝑒𝑑 (2.14) 

 

The effect of potential. If the potential of the one-electron transfer reaction (Equation 2.7) 

is changed from its equilibrium potential (Eeq) to a new value E, the relative free energy of 

the electron resident on the electrode changes by 

∆𝐺 = −𝑛𝐹(𝐸 − 𝐸𝑒𝑞) = −𝐹𝜂 (2.15) 

in which the overpotential η is the deviation of E from Eeq being a driving force of the current. 

Accordingly, the overall free Gibbs free energy for the reactants (O + e-) 𝐺𝑜𝑥 can be given 

by the standard Gibbs free energy of the reactants 𝐺𝑜𝑥
0  and a function of overpotential 

(Equation 2.16). Meanwhile, the free Gibbs free energy for the products stays the same 

(Equation 2.17) because no electron is included in the products. 

𝐺𝑜𝑥 = 𝐺𝑜𝑥
0 + (−𝐹𝜂) (2.16) 

𝐺𝑟𝑒𝑑 = 𝐺𝑟𝑒𝑑
0 (2.17) 

Additionally, the free energy of the transition state 𝐺‡ is also altered by the overpotential: 

𝐺‡ = 𝐺0‡ + (−(1 − 𝛼)𝐹𝜂) (2.18) 
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Here, the parameter α denotes the transfer coefficient reflecting the sensitivity of the 

transition state to the overpotential. The value of α ranges from zero to unity, depending on 

the shape of the intersection region. Typically, α is found to be close to 0.5 for many 

reactions. 

A simplified model shown in Figure 2.4 is typically used to demonstrate a linear relationship 

between the free energy change and the imposed overpotential. Then, the activation energies 

for reduction and oxidation will follow 

∆𝐺𝑟𝑒𝑑
‡ = Δ𝐺𝑟𝑒𝑑

0‡ + 𝛼𝐹𝜂 (2.19) 

and 

∆𝐺𝑜𝑥
‡ = Δ𝐺𝑜𝑥

0‡ − (1 − 𝛼)𝐹𝜂 (2.20) 

 

 

Figure 2.4 Effects of applied potential on the standard free energies of activation for 

reduction and oxidation. Application of overpotential alters the free energies of the reactants 

and the transition state, and the activation energies vary accordingly. (B) is a magnification 

of the intersection region of (A). 

 

It is desirable to show that the rate constants depend on the overpotential for experimental 

purposes. Substituting Equation 2.19 into the expression for the reduction rate constant 

(Equation 2.12) gives 

𝑘𝑟𝑒𝑑 = 𝐴ⅇ𝑥𝑝 (
−∆𝐺𝑟𝑒𝑑

0‡

𝑅𝑇
)exp (

−𝛼𝐹𝜂

𝑅𝑇
) (2.21) 

Similarly, the oxidation rate constant is expressed as 
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𝑘𝑜𝑥 = 𝐴ⅇ𝑥𝑝 (
−∆𝐺𝑜𝑥

0‡

𝑅𝑇
) exp (

(1 − 𝛼)𝐹𝜂

𝑅𝑇
) (2.22) 

If η-independent constants of 𝑘𝑟𝑒𝑑
0  and 𝑘𝑜𝑥

0  are introduced in the above two expressions 

(Equations 2.21 and 2.22), the rate constants can be simplified as 

𝑘𝑟𝑒𝑑 = 𝑘𝑟𝑒𝑑
0 exp (

−𝛼𝐹𝜂

𝑅𝑇
) (2.23) 

𝑘𝑜𝑥 = 𝑘𝑜𝑥
0 exp (

(1 − 𝛼)𝐹𝜂

𝑅𝑇
) (2.24) 

where 

𝑘𝑟𝑒𝑑
0 = 𝐴ⅇ𝑥𝑝 (

−∆𝐺𝑟𝑒𝑑
0‡

𝑅𝑇
) (2.25) 

 

𝑘𝑜𝑥
0 = 𝐴ⅇ𝑥𝑝 (

−∆𝐺𝑜𝑥
0‡

𝑅𝑇
) (2.26) 

These results show that rate constants for the electron transfer steps are proportional to the 

exponential of the overpotential. Therefore, the rate of electrode reactions is variable on the 

magnitude of applied potential. 

 

The Butler-Volmer equation. By substituting Equations 2.26 and 2.27 into Equation 2.11, 

the final relationship for the net current (i) to the overpotential (η) and transfer coefficient 

(α) is formulated: 

ⅈ = ⅈ0 (
[𝑅]0
[𝑅]𝑏𝑢𝑙𝑘

exp {
(1 − 𝛼)𝐹𝜂

𝑅𝑇
} −

[𝑂]0
[𝑂]𝑏𝑢𝑙𝑘

exp {
−𝛼𝐹𝜂

𝑅𝑇
}) (2.27) 

where i0 is the standard exchange current: 

ⅈ0 = 𝐹𝐴𝑘
0[𝑅]𝑏𝑢𝑙𝑘

𝛼 [𝑂]𝑏𝑢𝑙𝑘
1−𝛼 (2.28) 

which can be considered as a scaling factor. In the expression of i0 (Equation 2.28), the 

standard rate constant denoted k0 means a measure of the kinetic facility of a redox couple. 

It is from a particular case when the interface between the electrode and the solution is at 
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equilibrium at which [O]0 = [R]0 in the solution and no current flows. According to Equation 

2.11, a deduction of kred = kox can be made, which is the definition of k0. 

Equation 2.28 is the complete current-potential relationship, being known as the Butler-

Volmer formulation (see Butler 4 and Volmer 5). This relation is significant in almost every 

occasion, taking heterogeneous kinetic into account. It can be simplified to 

ⅈ = ⅈ0 (exp {
(1 − 𝛼)𝐹𝜂

𝑅𝑇
} − exp {

−𝛼𝐹𝜂

𝑅𝑇
}) (2.29) 

when the solution is well stirred and thus the surface concentrations equal the bulk values. 

 

2.1.3 Mass Transport 

Other processes like mass transport (as shown in Figure 2.1) may contribute to the overall 

electrode reaction other than the kinetics of electron transfer. Particularly, the reaction could 

be affected or even dominated by the rate of reactants or products being brought to or from 

the electrode surface since electrons can only tunnel a few Ångstrom at most. Specifically, 

the current flowing during an electrolytic reaction can be controlled by the rate constant and 

the surface concentration of material (see Equations 2.8 and 2.9). If the rate constant is so 

large that the reactants on the electrode surface are consumed instantaneously, then the 

current will be controlled by the speed of fresh material reaching the interface from bulk (i.e. 

mass transport). 

The following forms of mass transport are significant: diffusion, convection, and migration. 

 

Diffusion. Diffusion is the movement of species along a concentration gradient which occurs 

in all solutions. It arises from uneven local concentrations driven by entropic forces (i.e. 

maximises entropy by smoothing out inhomogeneities of reactants). The current that flows 

from an electrochemical reaction is proportional to the concentration of reactants on the 

surface (see Equation 2.8). So, it is vital to understand the concentration of reactant [O] 

(taking reduction reaction as an example) as a function of distance from the electrode. Such 

a relationship is described first by Fick 6 by considering the simple case of linear diffusion 

to a planar surface (Figure 2.5). The mathematical expression 
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𝐽𝑂 = −𝐷𝑂
𝜕[𝑂]

𝜕𝑥
(2.30) 

relates the diffusional flux JO (the number of moles of O diffusing through a unit area per 

second) to the diffusion coefficient DO and the concentration gradient ∂[O]/∂x. Equation 2.30 

is Fick’s first law of diffusion. The negative sign indicates material moving down a 

concentration gradient.  

 

 

Figure 2.5 Diffusion of reactant O to a large planar surface from the bulk solution. 

 

In practice, one needs to know how the concentration of material changes with respect to 

time (t) as a reaction progresses. 

𝜕[𝑂]

𝜕𝑡
= 𝐷0 (

𝜕2[𝑂]

𝜕𝑥2
) (2.31) 

Equation 2.31 is Fick’s second law. It enables the prediction of the variation of concentration 

of electroactive species as a function of time. Diffusion is considered the most significant 

mass transport process for many electrochemical processes. 

 

Convection. Convection is the transport of species resulting from the mechanical force 

acting on a solution. The force can be pumping, gas bubbling through a solution, stirring, or 

even gravity. 

There are two distinguished types of convection. The first termed natural convection is 

present in any solution. It is caused by thermal gradients and/or density differences in the 

solution. The natural convection acts unpredictably to mix the solution in a random manner. 
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The second one entitled forced convection is usually introduced deliberately in the solution 

to drown out the effect of the natural convection influence. It is achieved by external forces 

such as stirring and typically several orders of magnitude greater than natural convection. 

Introduction of forced convection into a solution in a well-defined and quantitative way 

ensures reproducibility of experiments (e.g. rotating disk electrode). 

 

Migration. Migration is an electrostatic effect on charged species existing in the 

electrode/solution interface region resulting from applying an external potential to the 

electrode. Any charged species near the interface region will either be attracted or repelled 

from the electrode surface. Migration is difficult to quantify because of ion solvation shell 

and diffuse layer interactions in solution, making interpretation of experimental data 

complicated. 

In practice, chemically and electrochemically inert background electrolyte (e.g. KCl) is 

added to the solution in high concentrations. The purpose is to eliminate the reactants from 

being exposed to migration effects. By introducing a large quantity of the electrolyte 

(typically around or more than 0.1 M) relative to the reactants, the electrolysis reaction is 

not significantly affected by the small charge change of migration. Adding background 

electrolyte has other benefits: increasing the solution conductivity and helping the passage 

of current through the solution; controlling the thickness of the electric double-layer and thus 

the potential drops on the electrode surface, and making the ionic strength of the solution 

effectively constant. 

 

2.1.4 Membrane Transport 

Polymers of intrinsic microporosity (PIMs) are known to be processed into membranes by 

simply drop-casting or spin-coating. PIMs have good permeability towards gas and ions and 

high free volumes stemming from their extremely stiff backbone. Here, an overview is given 

of permeation of different species through membranes in terms of applications of PIMs in 

electrochemistry. 

Transport models in membranes. There are two different models to describe the 

mechanisms of permeation as shown in Figure 2.6. The first one is called solution-diffusion 

model (Figure 2.6A), in which species dissolve in the membrane and then diffuse through 
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the membrane from the high concentration to the low concentration region. The separation 

of species is due to the difference in their solubility and mobility in the membrane material. 

The other one is the pore-flow model (Figure 2.6B), in which permeants transport through 

pores of the membrane driven by pressure. The permeants are separated caused by the 

filtration effect from some of the pores in the membrane. 

 

 

Figure 2.6 Two models of molecular transport through membranes. (A) Solution-diffusion 

model achieved by differences in the solubility and mobility of permeants dissolved in the 

membrane. (B) Pore-flow model based on molecular filtration in microporous membranes. 

 

The solution-diffusion model follows Fick’s theory as explained earlier (Section 2.1.3 Mass 

transport, Diffusion). Once dissolved in the membrane medium, permeants tend to transfer 

down a concentration gradient following Fick’s first law of diffusion (Equation 2.30). The 

equation is duplicated here for a legible purpose: 

𝐽𝑖 = −𝐷𝑖
𝜕𝑐𝑖
𝜕𝑥

(2.32) 

where Ji is the transfer rate of matter i, and ∂ci/∂x is the concentration gradient of i. Since the 

solution-diffusion process is inherently slow, the membrane used in experiments is normally 

very thin, and the concentration gradient inside the membrane is significant in order to get 

effective fluxes. 

The basis of the pore-flow model is pressure-driven convective flow, which can be covered 

by Darcy’s law 7 

𝐽𝑖 = 𝐾
′𝑐𝑖
𝜕𝑝

𝜕𝑥
(2.33) 
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in which ∂p/∂x is the pressure gradient, K’ is a coefficient related to the characteristic of the 

membrane, and ci is the concentration of i in the membrane. 

The criteria for distinguishing between the solution-diffusion and pore-flow sit in the relative 

size and the permanence of the pores inside the membrane. For the membranes with tiny free 

volume elements (pores) caused by the thermal motion of the polymer chains, the transport 

of permeants is best described by the solution-diffusion model. The pores change on the time 

scale of matter motion in the membrane. Reverse osmosis and gas separation membranes are 

classified as solution-diffusion transport models as illustrated in Figure 2.7. For membranes 

with relatively large and fixed pores which do not change on the time scale of permeants 

traversing the membrane, the pore-flow mechanism is the best way to explain the transport 

of species. Typical examples of the pore-flow mechanism include microfiltration and 

ultrafiltration membranes (Figure 2.7). The transition between the above two models lies in 

the group of membranes with pore sizes in the range of 5-10 Å 7. PIMs with semi-permanent 

cavities fall into this transition category (see Figure 2.7). 

 

 

Figure 2.7 Schematic illustration of categories of the separation membranes and their related 

theoretical models with respect to the pore size. 7 
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Diffusive transport theory in membranes. The foundation of studying heterogeneous 

electrocatalysis in PIMs is understanding how species transfer through membranes. The 

actual transport of material from solution to electrode surface through membranes can be 

complex because of the diversity of membrane properties, solutes, electrolytes, and solvents. 

A simplified diffusion model (Figure 2.8) is discussed here in terms of comprehension. Some 

assumptions are made: i) one-dimensional transport process from solution to electrode 

surface across the membrane; ii) the membrane is chemically inert and porous; iii) the 

solution is well-mixed, so there is no need to consider mass transport in solution; iv) the 

volume of the solution is massive compared to the membrane volume, and v) the solute to 

be transported is neutral. 

 

 

Figure 2.8 Illustration of the transport of a neutral species i from solution to the electrode 

surface across an inert, porous membrane. 

 

The species exists only in solution initially as represented in Figure 2.8. The flux density of 

the species i across the membrane can be given by the mass balance 8 

𝐽 = −
𝑉𝑠

𝐴

𝑑𝑐𝑖
𝑠

𝑑𝑡
(2.34) 

in which Vs is the volume of the solution, 𝑐𝑖
𝑠 is the species concentration in solution, A is the 

membrane area, and t is time. 

Meanwhile, the flux density follows Fick’s first relation (Equation 2.32) along distance. 

Integration of Equation 2.32 over the membrane gives 
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𝐽 = −𝐷𝑖
𝑐𝑖
𝑒 − 𝑐𝑖

𝑠

𝛿
(2.35) 

where Di is the diffusion coefficient of i in the membrane, 𝑐𝑖
𝑒 is the concentration of i on the 

electrode surface, and δ is the thickness of the membrane. Normally, the electron transfer 

process is faster than the diffusive transport 9, so the species that reach the electrode will be 

converted into products immediately. 

 

2.2 Electrochemical Measurement Methods 

2.2.1 Three-electrode System 

In most electrochemical experiments, a three-electrode configuration is used as illustrated in 

Figure 2.9. The essential elements contained in an electrochemical cell are electrodes, a 

solvent, a background electrolyte, and the reactant. The electrode of interest, named working 

electrode, is where the target reaction happens. During a redox reaction, the external 

potential is exerted between the working electrode and the reference electrode (such as a 

saturated calomel electrode, or SCE, with known potential). At the same time, current flows 

between the working electrode and a counter electrode such as a platinum wire or any other 

inert, conducting, and convenient one. 

 

 

Figure 2.9 The configuration (A) and a schematic diagram (B) of a three-electrode system. 
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2.2.2 Potential Step Chronoamperometry 

In a basic potential step experiment, the potential E1 (as shown in Figure 2.10A) is generally 

set to a value where no reaction happens. Then the potential E2 is switched to a region in 

which a faradaic process occurs. The resulting current i is monitored as a function of time. 

Instantaneously following the step of the potential, a large current is detected followed by a 

steady drop with time (Figure 2.10B). The concentration of the reactant on the electrode 

surface is sufficient before the potential step. However, once the reaction happens, the 

reactant is consumed immediately and needs to be transferred from bulk to the electrode 

surface via diffusion (in stagnant conditions). 

 

 

Figure 2.10 (A) Waveform of applied potential in a potential step experiment. (B) The 

current response against time. 

 

As noted previously, the magnitude of current is controlled by the rate of reactant diffusion, 

which is dependent on the concentration gradient. The concentration gradient drops as the 

reaction happens (i.e. time) as depicted in Figure 2.11. Thus, the current response drops over 

time. Further quantification of the relation between current i (taking reduction as an example) 

and reaction time t can be achieved by substituting ⅈ = 𝑛𝐹𝐴𝑘𝑟𝑒𝑑[𝑂] (Equation 2.8) to Fick’s 

second law (Equation 2.31), which gives the Cottrell equation 10,11 

|ⅈ| =
𝑛𝐹𝐴[𝑂]𝐷

1
2

𝜋
1
2𝑡
1
2

(2.36) 

Note here [O] is the bulk concentration of reactant O, and n is the number of electrons 

transferred per reaction. This relation suggests that the diffusion coefficient D can be 

measured by potential step tests. 
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Figure 2.11 Concentration profiles of reactant O versus distance for various times after the 

potential stepped to E2. (t0 < t1 < t2 < t3 < t4) 

 

2.2.3 Cyclic Voltammetry 

Cyclic voltammetry is always the first technique carried out in electroanalytical investigation 

as it provides informative and quick results. In a cyclic voltammetry experiment, the 

potential is controlled and swept at a constant rate from E1 where no reaction happens, to E2 

which is positive (or negative) enough for oxidation (or a reduction) to occur, and then swept 

back to E1 (see Figure 2.12A). 

Initially, no current flows because the applied potential is not positive enough to induce 

electron transfer (Figure 2.12B). When the potential is swept more positive, the current starts 

to pass and rises approximately exponentially with time (electrode kinetic control, see 

Equation 2.27). Note that the potential is swept at a constant rate so that the potential axis 

can be considered the time axis. Then the current rise becomes slower before a maximum 

(ⅈ𝑝
𝑜𝑥) is reached. The slower current rise can be rationalised by the current being dependent 

on not only the rate constant (kox) but the concentration of reactant [R] on the electrode 

surface. The reactant near the electrode is consumed with time, slowing the current increase. 

By the point of 𝐸𝑝
𝑜𝑥 the concentration [R] is depleted from the surface. Once the peak current 

is reached, the current becomes diffusion-controlled since fresh reactant needs to get to the 

electrode by diffusional transport from the bulk. The current decrease in this area follows 

the Cottrell equation (Equation 2.36). Similar rules can be applied when the potential is 

swept back to E1 and reduction happens. 
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Figure 2.12 (A) Profile of the applied potential as a function of time in a cyclic voltammetry 

experiment. (B) Cyclic voltammogram for a reversible electron transfer reaction. 

 

Scan rate effect. There are specific characteristics of cyclic voltammograms of fully 

reversible electrode reaction: i) the locations of current peaks are independent of scan rate 

as shown in Figure 2.13; ii) the potential difference between two current peaks (𝐸𝑝
𝑜𝑥 − 𝐸𝑝

𝑟𝑒𝑑) 

equals 59/n mV; iii) the magnitude of the peak currents is the same (|ⅈ𝑝
𝑜𝑥 | = |ⅈ𝑝

𝑟𝑒𝑑 |) which is 

proportional to the square root of the scan rate (√𝜈) as described in the Randles-Ševčík 

equation 12,13 

ⅈ𝑝 = 0.446𝑛
3
2𝐹
3
2𝐴𝑐 (

𝜈𝐷

𝑅𝑇
)

1
2

(2.37) 

where ip is the peak current (A), n is the number of electrons transferred per molecule in the 

redox reaction, F is Faraday constant (C mol-1), A is electrode area (cm2), c is the 

concentration of reactant (mol cm-3), ν is scan rate (V s-1), D is diffusion coefficient (cm2 s-

1), R is gas constant (J K-1 mol-1), and T is the absolute temperature (K). This equation relates 

the current response to scan rate, concentration, and diffusional properties of the species in 

solution. The determination of the diffusion coefficient of electroactive species can be 

achieved by measuring current. 

The dependence of the current response of cyclic voltammograms on potential scan rates is 

illustrated in Figure 2.13. As predicted by the Randles-Ševčík equation, the peak current ip 

increases with potential scan rate. According to Fick’s first law (Equation 2.30), the flux 

reflects the concentration gradient of the reactant near the electrode. If the potential scan rate 

is high, relatively less time is taken to deplete the reactant near the electrode, resulting in a 
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steeper concentration gradient. Thus, a faster scan rate gives a larger flux, which means a 

higher peak current. 

 

 

Figure 2.13 Cyclic voltammograms for a reversible electron transfer reaction with different 

potential scan rates. 

 

Electrocatalysis (EC’) mechanism. Cyclic voltammetry is also applied in enzyme 

processes and in electrocatalysis. In general, the electrocatalytic reaction is denoted as EC’, 

where E stands for a heterogeneous electron transfer at the electrode, C represents a 

homogeneous chemical reaction, and the prime (’) labels a catalytic process. The EC’ 

mechanism can be summarised as 

𝑅 ⇌ 𝑂 + ⅇ− (2.38) 

𝑂 + 𝑌
𝑘
𝐸𝐶′

→  𝑅 + 𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑠 (2.39) 

The catalysis happens as the product of the electron reaction, O, reacts with a substrate 

species Y in solution (Reaction 2.39). This process consumes O and gives the starting 

material R (the catalytic cycle), which can then be oxidised again to O at the electrode. 

Meanwhile, Y is converted to products. The overall resulting voltammograms are shown in 

Figure 2.14 for differing quantities of substrate Y. The oxidation peak current increases with 

the concentration of Y. 

The second-order chemical rate equations of Reaction 2.39 contribute to the concentration 

gradients for R and O: 
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𝜕[𝑅]

𝜕𝑡
= 𝐷𝑅

𝜕2[𝑅]

𝜕𝑥2
+ 𝑘𝐸𝐶′[𝑂][𝑌] (2.40) 

𝜕[𝑂]

𝜕𝑡
= 𝐷𝑂

𝜕2[𝑂]

𝜕𝑥2
− 𝑘𝐸𝐶′[𝑂][𝑌] (2.41) 

This cyclic voltammetry technique is commonly used to determine electrocatalysis and 

enzyme catalysis for bio-sensor applications. 

 

 

Figure 2.14 Cyclic voltammograms for electrocatalytic EC’ process. The oxidation peak 

current increases with the concentration of substrate Y. 

 

2.2.4 Clark Probe Chronoamperometry 

The Clark oxygen electrode was invented by Clark in 1962 14 for the detection of ambient 

oxygen. Various commercial Clark products are being applied in blood oxygen monitoring. 

Only recently, the application of the Clark probe has been extended in the detection of 

hydrogen in situ 15 by immobilising a catalyst on a gas-permeable Teflon 

(polytetrafluoroethylene, or PTFE) membrane. As depicted in Figure 2.15, the Clark probe 

is essentially an electrochemical cell enclosed in a Teflon-equipped cap. Gases like oxygen 

(or hydrogen) permeate through the membrane and diffuse to the platinum (Pt) electrode 

surface, being reduced (or oxidised) under externally applied potential. The reduction of 

oxygen (or oxidation of hydrogen) gives current responses recorded by a potentiostat. 

The electrochemical cell in the Clark probe consists of a Pt electrode as the working 

electrode, a silver/silver chloride (Ag/AgCl) electrode as the reference and counter electrode, 

and concentrated potassium chloride (KCl) as the electrolyte. In oxygen detection, a 

relatively negative potential is applied to reduce oxygen to water. Positive potential is used 
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in hydrogen monitoring to get an oxidation current response. Currents are usually recorded 

as a function of time (chronoamperometry). The magnitude of the current shows the flux of 

gases produced by a catalyst. 

 

 

Figure 2.15 Schematic representation and the working principle of a Clark probe in 

hydrogen and oxygen detection. The catalyst is attached to a gas-permeable 

polytetrafluoroethylene (PTFE, or Teflon) membrane cap. Gases diffuse through the 

membrane, being oxidised or reduced on the Pt electrode under different applied potentials. 

 

2.3 Materials and Analytical Characterisation Methods 

2.3.1 Scanning Electron Microscopy (SEM) 

Electron microscopy is a powerful and valuable tool to obtain high-resolution images with 

applications in biomedical research, forensics, and other technologies. An electron 

microscope works by accelerating an electron stream in a high-vacuum chamber towards a 

sample. For scanning electron microscopy (SEM), the high-energy electron stream is 

focused using electromagnetic lenses, as illustrated in Figure 2.16A. The interaction between 

an electron beam and sample induces various signals containing surface information, 

including secondary electrons (SE), backscattered electrons (BSE), and characteristic X-rays 

16,17. The signal of SE is ejected from valance or conduction bands of samples under 

irradiation by the high-energy electrons. It is generally detected in SEM measurements 

because of the high yield. The magnification of SEM is up to two million times. Samples to 

be examined by an SEM are commonly dispersed on a conductive substrate like carbon tape 

to avoid sample charging and so to get a high-resolution image. 
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Figure 2.16 Schematic view of (A) scanning electron microscope (SEM) and (B) 

transmission electron microscope (TEM).  

 

2.3.2 Transmission Electron Microscopy (TEM) 

In addition to the surface morphology of samples, more details, including composition and 

crystal structure, are required in the sciences. Transmission electron microscopy (TEM) is a 

technology detecting electron transmitted through a sample (Figure 2.16B). Samples must 

be thin enough (typically less than 150 nm thick) so that electrons can penetrate them and 

arrive at the fluorescent screen or a detector. TEM has the potential to magnify an image 10-

50 million times. Atomic-level details 18 can be provided. The differences between SEM and 

TEM are summarised in Table 2.1. 

 

Table 2.1 Differences between SEM and TEM. 

 Electron stream Image taken Resolution Sample Magnification 

SEM fine, focused topographical lower thin/thick 2,000,000 times 

TEM broad internal  higher ultrathin 50,000,000 times 
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2.3.3 Energy Dispersive X-Ray Spectroscopy (EDX) 

Energy dispersive X-ray spectroscopy (EDX) is used to identify the elemental composition 

of samples. EDX systems are usually attached to SEM or TEM instruments where the sample 

location of interest can be identified. After the interaction of samples with an incident 

electron beam, internal electrons will escape from these atoms 19. As a result, the atoms will 

be in the excited state. There will be different ways, including Auger electrons and X-rays, 

to release the excess energy for the atoms to return to the ground state. The EDX technique 

utilises the X-ray signal to identify the elements and their concentrations. 20 Figure 2.17 

shows the mechanism of the characteristic X-ray generation. With appropriate energy, the 

electron from the inner shell (for example, the K shell) can be ejected to form a photoelectron, 

and the electrons from outer shell orbitals will replace and fill the hole. The energy difference 

between the outer and inner shells creates the characteristic X-ray. For a specific element, 

the energy of a characteristic X-ray is fixed, which allows the fundamental elemental 

identification by EDX. 

 

 

Figure 2.17 Diagram representing the mechanism of characteristic X-ray generation. 

 

2.3.4 Liquid chromatography-mass spectrometry (LC-MS) 

Liquid chromatography (LC) is a technique used to separate and identify the components of 

a mixture of chemicals and purify a chemical product. Each type of chromatography 

comprises a stationary phase and a mobile phase (liquid in LC). The substances in the 
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mixture separate and emerge at different times from the column because of their different 

ability to mix with the mobile phase or stick to the stationary phase. High-performance liquid 

chromatography (HPLC) is a sophisticated version of LC that can separate components with 

similar properties 21. The use of fine particles in HPLC enhances the surface area of the 

stationary phase resulting in high separation efficiency. The fact that HPLC is performed at 

room temperature makes it applicable to analysing and investigating drugs and heating-

sensitive biological molecules like proteins. 

 

 

Figure 2.18 Schematic illustration of liquid chromatography-mass spectrometry (LC-MS) 

technique. It combines the physical separation function of LC and the mass identification 

capability of MS. 

 

Mass spectrometry (MS) has been developed to separate atoms and molecules according to 

their mass-to-charge ratio (m/z) 22. Samples from the inlet system are ionised by 

bombardment with electrons or by other methods. Then, the mass analyser separates ions by 

magnetic field or time of flight. Mass spectra are obtained after ions are captured by an ion 

detector. Data can be used to analyse the possible molecular structure of the material. 

Liquid chromatography in conjunction with mass spectrometry (LC-MS) makes a powerful 

technology for separating and quantifying complex mixtures 23. Samples are injected and 

separated one by one from the LC system. The chemicals from the LC column are ionised 

and separated in the MS analyser. Consequently, there is a separate mass spectrum for each 

component in the mixture (as illustrated in Figure 2.18).
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Chapter Abstract 

The heterogeneous redoxcatalysis based on polymers of intrinsic microporosity (PIMs) 

incorporates several steps, such as immobilisation of ions or molecules, electron transfer at 

the electrode surface, and release of products. In this chapter, ferrocyanide (Fe(CN)6
4-) and 

ferricyanide (Fe(CN)6
3-) embedded into PIM-EA-TB are investigated as a model system, 

revealing the redox reactivity of anions in PIMs. Uptake, transport, and retention of 

Fe(CN)6
4/3- are strongly pH dependent relating to protonation of PIM-EA-TB (pKA ≈ 4). 

Both Fe(CN)6
4- and Fe(CN)6

3- can be immobilised in PIM-EA-TB and form redox-active 

films, but the interaction between Fe(CN)6
4- and the host appears to be stronger presumably 

through bridging protons. Loss of Fe(CN)6
3-/4- into aqueous solution becomes significant 

only at pH > 9 and is probably linked to hydroxide anions directly entering the micropores 

of PIMs to annihilate the protons. The interaction between Fe(CN)6
3-/4- and protons inside 

the PIM structure is proposed to be responsible for the retention and relatively slow leaching 

processes. Electrocatalytic oxidation of ascorbic acid is achieved by the immobilised 

Fe(CN)6
3-/4- film. 

 

Graphical Abstract 

 

 



73 

 

Publications associated with this chapter 

Wang, L., Malpass-Evans, R., Carta, M., McKeown, N. B., & Marken, F. The 

immobilisation and reactivity of Fe(CN)6
3-/4- in an intrinsically microporous polyamine 

(PIM-EA-TB). Journal of Solid State Electrochemistry, 24, 2797-2806 (2020). 

 

Credit Statement 

The candidate developed the immobilisation method of Fe(CN)6
3-/4- into PIM-EA-TB, and 

carried out the electrochemical experiments, data curation, and interpretation of the results. 

Neil B. McKeown provided the PIM-EA-TB material. Richard Malpass-Evans, Mariolino 

Carta, and Neil B. McKeown gave valuable input to the paper draft. Frank Marken 

supervised the candidate, helped with the experimental idea, gave critical comments on the 

data interpretation, figures and draft, and helped with reviewing and editing. 

 

Special Acknowledgements 

Special thanks to Prof. Neil McKeown and his research group from the University of 

Edinburgh who provide the PIM-EA-TB material. Thanks to Dr Philip Fletcher for the 

microscopic images collection.



74 

 

3.1 Introduction 

Ferrocyanide, Fe(CN)6
4-, is a well-studied Fe(II) complex for its reversible oxidation to 

ferricyanide, Fe(CN)6
3- (see Equation 3.1),  as a redox mediator and homogeneous one-

electron electrocatalyst. Both Fe(CN)6
4- and Fe(CN)6

3- have been extensively employed in 

fundamental studies such as the investigation of metal ligand bonding 1, electro-organic 

transformations 2, thermoelectrochemical devices 3, redox buffer in biological studies 4, and 

electroanalytical determination of ascorbate 5, nitrite 6, and hydrogen sulphide 7,8. The 

oxidation potential of Fe(CN)6
4- is adjustable and dependent on solvent 9,10 and cations 11,12, 

resulting in the application of this redox couple as a versatile and tunable redox mediator 13. 

Ferrocyanide has also been employed as a heterogeneous or polymer-embedded catalyst for 

sulphide 14 and nitrite 15 detection. 

𝐹ⅇ(𝐶𝑁)6
3− + ⅇ− ⇄ 𝐹ⅇ(𝐶𝑁)6

4− (3.1) 

Ferrocyanide is known to form a variety of inorganic coordination materials 16, such as solid-

state Prussian blue analogues 17 and related coordinate polymers 18. Recently, the concept of 

“organic Prussian blues” 19 has been proposed to be associated with the formation of 

Fe(CN)6
4- with organic ammonium cations. In this chapter, an amine-containing polymer of 

intrinsic microporosity (PIM) with a rigid microporous structure is studied as a host for the 

Fe(CN)6
3-/4- redox mediator. 

Here, the PIM-EA-TB (“EA” = ethanoanthracene and “TB” = Tröger base 20, see molecular 

structure in Figure 3.1) is employed as the host material. There are tertiary amine sites in the 

“free volume elements” of the PIM-EA-TB structure, allowing anion to be bound after 

protonation. In practice, it was proved that hydrophobic alcohols could partition into 

heterogenized redox PIM-EA-TB film 21, and small hydrophobic anions like perchlorate 

permeate through PIM-EA-TB 22. The hydrophobicity of PIM-EA-TB can be complemented 

by ionic interaction and hydrogen bonding with multiple-charged ferrocyanide/ferricyanide 

as demonstrated in this chapter. 
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Figure 3.1 Schematic illustration of the molecular structure of PIM-EA-TB and protonation 

associated with anion binding taking Fe(CN)6
4- as an example. 

 

There are two different categories of ferrocyanide or ferricyanide analogue contained hybrid. 

The first one is organic materials binding with Fe(CN)6
3-/4-, for example, imidazolium-based 

polycationic polymer bound with ferricyanide 23. The other type is hybrid materials 

containing organic components and Prussian blue-type components. Different methods of 

hybrid architectures are reported, one of which is layer-by-layer structures for a hybrid 

polymer-Prussian blue film 24 applied in sensor films 25. The ferricyanide or ferrocyanide 

analogue contained hybrid materials have been used in electrochromic electrodes/devices 26 

and films 27,28. Polymer-Prussian blue hybrid materials with 2D structures have been 

fabricated 18. A 3D bridged structured and tetra-alkylammonium cations incorporated 

Prussian blue analogue has been reported 29. 

Here, PIM-EA-TB is studied as a microporous film/coating on glassy carbon electrode 

surfaces. The amines in the polymer structure are demonstrated to experience protonation 

and binding towards Fe(CN)6
3-/4- ions from the solution. The pKA for protonation of PIM-

EA-TB has been assessed to be approximate 4 for hydrophilic anions 30. The ionic diameters 

of Fe(CN)6
4- and Fe(CN)6

3- are 450 pm and 440 pm, respectively 31. These multiple-charged 

anions probably carry cations like H+ and K+ to further increase their sizes when transferred 

through intrinsic micropores (1-2 nm in diameter) of PIM-EA-TB 32. It is shown that the 

pKA of PIM-EA-TB shifts by approximately five units towards alkaline condition after 

binding of Fe(CN)6
3-/4-. This behaviour is partly connected to the first protonation 

equilibrium for Fe(CN)6
3-/4- with 𝑝𝐾𝐴,𝐹𝑒(𝐶𝑁)64− = 4.2  and 𝑝𝐾𝐴,𝐹𝑒(𝐶𝑁)63− < 1  at room 

temperature 33,34. Consequently, a novel film electrode based on Fe(CN)6
3-/4- immobilised 

PIM-EA-TB with catalytic characteristics is provided. 
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3.2 Experimental 

3.2.1 Reagents 

Potassium ferrocyanide or potassium hexacyanoferrate(II) (K4Fe(CN)6, 98.5–102.0%), 

potassium ferricyanide or potassium hexacyanoferrate(III) (K3Fe(CN)6, > 99.0%), 

potassium chloride (KCl, 99.0–100.5%), hydrochloric acid (HCl, 37%), chloroform 

(≥ 99.8%), potassium hydroxide (KOH, ≥ 85%) and L-ascorbic acid (≥ 99%) were products 

of Sigma Aldrich. PIM-EA-TB was synthesised following the literature method 20. Aqueous 

solutions were prepared with ultra-pure water of resistivity not less than 18.2 MΩ cm (at 

20 °C) taken from a Thermo Scientific water purification system. 

3.2.2 Instrumentation 

Electrochemical experiments are controlled by a Metrohm µAutolab II potentiostat. A three-

electrode system was employed in which a 3 mm diameter glassy carbon electrode was the 

working electrode, a platinum wire as the counter electrode, and a KCl-saturated calomel 

electrode (SCE, Radiometer REF401) as the reference electrode. The pHs of the 0.1 M KCl 

solutions were adjusted by adding 1 M HCl or 1 M KOH solution monitored by a pH meter 

(Jenway 3505). The thickness of the PIM-EA-TB film on the electrode was measured by the 

cross-section morphology imaged by a field emission scanning electron microscope (JEOL 

JSM-6301F FESEM). 

3.2.3 Procedures 

A solution of 1 mg mL-1 PIM-EA-TB in chloroform was prepared by dissolving the polymer 

powder into chloroform. A typical amount of 2 µL was drop-casted on a glassy carbon 

electrode to form a polymer coating. The chloroform solvent was readily evaporated, and a 

uniform film with an estimated thickness of 1-2 µm can be obtained (see Figure 3.2). Then, 

the electrode with PIM coating was immersed in Fe(CN)6
4- or Fe(CN)6

3- dissolved HCl 

aqueous solution to perform protonation and immobilisation for typically 12 h at 4 °C in the 

dark and in a refrigerator. Finally, the electrode was removed from the solution and rinsed 

with water. The SEM images for PIM-EA-TB films before and after immersion into 

solutions were essentially identical. In the investigation of the PIM-EA-TB loading effect 

on the reactivity of the redox film, a larger amount of PIM-EA-TB was deposited by 
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repeating 2 µL of solution deposition instead of drop-casting the large amount directly on 

the electrode. 

 

 

Figure 3.2 Field emission scanning electron microscopy (FESEM) images for (A) a 3 mm 

diameter glassy carbon disk electrode partially covered with PIM-EA-TB coating; (B) a 

closer look at the polymer film edge; and (C) a higher magnification image of the film edge. 

 

3.3 Results and Discussion 

3.3.1 Concentration Effects on Binding and Reactivity of Fe(CN)6
3-/4- in PIM-EA-TB 

Preliminary experiments were carried out by coating PIM-EA-TB film on a 3 mm diameter 

glassy carbon disk electrode. Typically, 2 µL of 1mg mL-1 PIM-EA-TB solution in 

chloroform was drop-casted, giving a 2 µg deposit on an electrode. Given a PIM-EA-TB 

monomer molecular weight of 300 g mol-1 corresponding to 6 nmol of the monomeric unit, 

an assumed density of 1 g cm-3, an average thickness of 0.3 µm is speculated. The 

hydrochloric acid ensures protonation of PIM-EA-TB and accordingly drives the binding of 

Fe(CN)6
4- at 4 °C in the dark. A similar immobilisation process performed at room 

temperature under light gives Prussian blue-incorporated PIM instead. 

Figure 3.3 shows the photographs of the blue-green coloured (Prussian blue precursor 

containing) solution of 1 mM K4Fe(CN)6 in 1 mM HCl after 24 h at room temperature under 

light (A) and the pristine solution after 24 h at 4 °C in the dark (B). Cyclic voltammetry 

results for these two types of electrodes prepared after rinsing with water followed by 

transferred into aqueous 0.1 M KCl in 1M HCl are depicted in Figures 3.3C and D. The 

Fe(CN)6
4--embedded PIM-EA-TB obtained at 4 °C shows well-defined highly reversible 

redox voltammetric responses ( see Figure 3.3D). The cyclic voltammetry results of freshly 

made electrodes are reproducible with a ±10% error. However, there are some subtle factors 

that affect the current response, which will be discussed later. Lower peak currents and 

considerable peak shape distortion (see Figure 3.3C) are observed for the coating obtained 
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from an ambient condition in the light, probably resulting from the existence of Prussian 

blue fragment or Fe(CN)6
4- decomposition products formed in acidic solutions 35 in the 

microporous structure of PIM-EA-TB. 

 

 

Figure 3.3 Effect of temperature and light during immobilisation. (A) Photograph of 

1 mM K4Fe(CN)6 in 1 mM HCl stored in 24 h ambient light and room temperature. (B) The 

same solution left for 24 h at 4 °C. (C) Cyclic voltammograms (at scan rates of 10, 20, 50, 

100, 200, and 500 mV s-1) for a 3 mm diameter glassy carbon electrode coated with 2 μg 

PIM-EA-TB after 12 h immersion in 1 mM K4Fe(CN)6 in 1 mM HCl at room temperature 

under light. (D) As in (C) but for a sample kept at 4 °C for 12 h in the dark. 

 

The cyclic voltammograms here are for thin films immobilised on the electrode surface and 

therefore not directly comparable to the voltammetric response obtained from the bare 

electrode immersed in Fe(CN)6
3-/4- solution. However, of interest is to compare the midpoint 

potentials. Cyclic voltammetric results at a scan rate of 10 mV s-1 in Figure 3.3D indicate an 

oxidation peak at 0.214 V vs. SCE and a reduction peak at 0.135 V vs. SCE. Thus the 

midpoint potential is Emid = ½ (Ep,ox + Ep,red) = 0.175 V vs. SCE. The corresponding midpoint 

potential of a bare electrode tested in 2 mM Fe(CN)6
4− and 2 mM Fe(CN)6

3− dissolved in 

aqueous 0.1 M KCl is Emid = 0. 193 V vs. SCE. The minor negative shift of midpoint potential 

in the presence of PIM-EA-TB may suggest a slightly stronger binding to Fe(CN)6
3− 

compared to that for Fe(CN)6
4−. However, other factors like polymer | electrolyte interface 

may also cause the potential shift. 
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In the following investigations, immobilisation of Fe(CN)6
4− or Fe(CN)6

3− is carried out 

always at 4 °C in the dark to get reproducible and reversible current responses. The electrode 

is then rinsed with water and transferred into an electrolyte of 1 mM HCl in 0.1 M KCl 

solution. Figure 3.4A shows cyclic voltammograms (at a scan rate of 0.1 V s-1) of Fe(CN)6
4−-

immobilised PIM-EA-TB obtained from different solutions containing 0.01, 0.1, and 1 mM 

of Fe(CN)6
4-. The voltammograms from all conditions are stable over at least 10 cyclic cycles, 

implying successful and strong binding between Fe(CN)6
4- and PIM-EA-TB. 

 

 

Figure 3.4 Effect of Fe(CN)6
4- or Fe(CN)6

3- concentration during immobilisation. (A) 

Cyclic voltammograms (first cycle; scan rate 0.1 Vs-1) for a 3 mm diameter glassy carbon 

electrode coated with 2 μg PIM-EA-TB after 12 h immersion in 0.01, 0.1, and 1 mM 

K4Fe(CN)6 in 1 mM HCl (electrolyte: 0.1 M KCl containing 1 mM HCl). (B) As in (A), but 

for immobilisation in 0.01, 0.1, and 1 mM K3Fe(CN)6 in 1 mM HCl. (C) Schematic drawing 

of the proposed electron pathway during electron hopping. 

 

When evaluating the concentration of Fe(CN)6
4− effect during the immobilisation process, a 

significant increase in current response was observed from 0.01 mM to 0.1 mM Fe(CN)6
4−. 

However, for a higher concentration of 1 mM Fe(CN)6
4−, the voltammetric peak current 

decreases surprisingly. An even more dramatic decrease was observed for the electrode 

obtained from 10 mM Fe(CN)6
4− (not shown), where the current response is as low as that 

obtained from 0.01 mM Fe(CN)6
4−. The results indicate that increasing the amount of 
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Fe(CN)6
4− in the immobilisation solution cause detriment to the reactivity of the redox 

coating. Leaving the immobilisation process for 5 days results in complete loss of signal. 

These findings are consistent with Fe(CN)6
4− acting as a base with its pKA ≈ 4.2 33,34. The 

presence of the base leads to a lower degree of PIM-EA-TB protonation, and thus fewer 

Fe(CN)6
4− anions are bound. No current response is observed when attempting 

immobilisation of Fe(CN)6
4− in the neutral condition, which agrees with the low permeation 

of Fe(CN)6
4− through PIM-EA-TB reported in a redox flow battery system 36. 

The immobilisation of Fe(CN)6
3− into PIM-EA-TB has also proved efficient, as well-defined 

reversible voltammograms are obtained in the concentration range from 0.01 to 1 mM 

ferricyanide. The voltammetry stays almost the same after several cycles. When testing the 

concentration effect of Fe(CN)6
3− during immobilisation, a similar trend in voltammogram 

response is observed, as shown in Figure 3.4B. A maximum current signal is obtained for 

0.1 mM Fe(CN)6
3− immobilisation concentration. Again, a similar reason described for 

Fe(CN)6
4− case can be assumed to rationalise the concentration effect of Fe(CN)6

3− during 

immobilisation, although the lower pKA of Fe(CN)6
3− may lead to less direct competition for 

protons. Cyclic voltammograms for Fe(CN)6
3−-immobilised coating appears to be more 

symmetric (a lower peak-to-peak separation) with slightly lower currents, possibly revealing 

more limited thin film charge transport. 

A presumed electron pathway of Fe(CN)6
4−/3--immobilised PIM-EA-TB during redox 

reaction is proposed (see Figure 3.4C). The electrons hop from one active binding site to 

another during redox processes, followed by the fast electron transfer step on the electrode. 

The effect of scan rate on the voltammetric currents is studied in the following experiments 

for immobilisation of 0.1 mM Fe(CN)6
4− (Figure 3.5A) and for immobilisation of 0.1 mM 

Fe(CN)6
3− (Figure 3.5C). Both electrodes are tested in 0.1 M KCl containing 1 mM HCl. For 

the case of Fe(CN)6
4− immobilisation, a well-defined voltammetric signal with a peak-to-

peak separation of typically 70 mV is shown. A double-logarithmic plot of oxidation peak 

current versus scan rate (Figure 3.5B) generates a gradient close to 0.5, revealing diffusion 

of charges within the microporous PIM-EA-TB host probably through electron hopping 

(similar to the processes for immobilised proteins 37). At the slowest scan rate, 10 mV s-1, 

the charge under the reduction peak is about 0.6 nmol. Given that the PIM-EA-TB deposit 

on the electrode is 2 µg (i.e. 6.7 nmol with a PIM-EA-TB monomer molecular weight of 300 

g mol-1), approximately 10% of the monomer units are redox active. Since several monomer 
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units may be required for binding each multi-valent anion, a considerable part of the film 

must be active. These results demonstrate that a substantial fraction of the binding sites 

(protonated amines) in the PIM-EA-TB deposit is occupied by Fe(CN)6
4-/3− species. 

 

 

Figure 3.5 Effect of scan rate during voltammetry. (A) Cyclic voltammograms (first cycle; 

scan rates 10, 20, 50, 100, 200, and 500 mV s-1) for a 3 mm diameter glassy carbon electrode 

coated with 2 μg PIM-EA-TB (after 12 h immersion in 0.1 mM K4Fe(CN)6 in 1 mM HCl at 

4 °C) (electrolyte: 0.1 KCl containing 1 mM HCl). (B) A double-logarithmic plot of anodic 

peak current versus scan rate. (C) As in (A), but for K3Fe(CN)6. (D) A double-logarithmic 

plot of reduction peak current versus scan rate. 

 

The oxidation of Fe(CN)6
4− has to be accompanied by either a proton expulsion or a K+ 

ejection from the PIM-EA-TB host to keep bulk charge neutral. For the case of 

Fe(CN)6
3− immobilisation, a similar principle would propose that the reduction of Fe(III) to 

Fe(II) is accompanied by cation uptake from the solution. Voltammetry in Figure 3.5C 

displays lower peak currents and narrower peak-to-peak separation compared to 

Fe(CN)6
4− case, implying a different type of behaviour of immobilised Fe(CN)6

3−. The 

double-logarithmic plot of reduction peak current versus scan rate in Figure 3.5D produces 

a slope close to 1.0 at slower scan rates, signifying the thin layer reactivity of the redox active 

film. It appears that Fe(CN)6
3− is less effectively bound to PIM-EA-TB, which may be 

caused by its small pKA (of less than 1), hence leading to a different type of electrochemical 
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activity. Although, there is another possible inference that the release of protons associated 

with oxidation of Fe(CN)6
4− is faster than the K+ uptake during Fe(CN)6

3− reduction process 

(see Equations 3.2 and 3.3). 

𝐹ⅇ(𝐶𝑁)6
4−(𝑃𝐼𝑀) + 𝐻+(𝑃𝐼𝑀) ⇄ 𝐹ⅇ(𝐶𝑁)6

3−(𝑃𝐼𝑀) + 𝐻+(𝑎𝑞) + ⅇ− (3.2) 

𝐹ⅇ(𝐶𝑁)6
3−(𝑃𝐼𝑀) + 𝐾+(𝑎𝑞) + ⅇ− ⇄ 𝐹ⅇ(𝐶𝑁)6

4−(𝑃𝐼𝑀) + 𝐾+(𝑃𝐼𝑀) (3.3) 

Next, the effect of PIM-EA-TB loading is examined. Cyclic voltammograms for different 

polymer loading after 1 mM K4Fe(CN)6 immobilisation process are shown in Figure 3.6A. 

Stable current responses are demonstrated in all cases. The current responses increase with 

PIM-EA-TB loading from 2 to 4 to 6 µg. More polymer deposit (8 µg) causes a drop in the 

peaks. The replicate experiments are carried out more than 3 times for each investigation so 

that an isolated possibility can be eliminated. Note here that the high PIM loading is achieved 

by repeating a few times of 2 µg deposits. The decrease in current with high loading of PIM-

EA-TB is likely related to slow uptake of Fe(CN)6
4−. Understanding the current-polymer 

thickness relationship is limited, and more work will be required to unravel ion mobility in 

PIMs. A coating of 2 µg is appropriate and used in the following experiments. 

 

 

 

Figure 3.6 (A) Effect of PIM-EA-TB loading. Cyclic voltammograms (first cycle; scan 

rate 200 mV s-1; electrolyte: 0.1 M KCl containing 1 mM HCl) for a 3 mm diameter glassy 

carbon electrode coated with 2, 4, 6, and 8 μg PIM-EA-TB after immersion for 12 h in 1 mM 

K4Fe(CN)6/1 mM HCl. (inset: plot of oxidation peak current versus PIM loading) (B) Effect 

of pH during immobilisation. Cyclic voltammograms (scan rate 100 mV s-1; electrolyte: 

0.1 M KCl containing 1 mM HCl) for a glassy carbon electrode coated with 2 μg PIM-EA-

TB after immersion for 12 h at 4 °C in 1 mM K4Fe(CN)6 in 0.1, 1, and 10 mM HCl. (C) 

Effect of pH during voltammetry. As in (B) but immersed in 0.1 M KCl without HCl. 
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The effect of HCl concentration in the deposition solution on Fe(CN)6
4− immobilisation is 

depicted in Figure 3.6B. A high concentration of 10 mM HCl evidently increases the 

voltammetric current response, while 0.1 mM HCl concentration during immobilisation is 

too low. From a reported pH-dependent conductivity data 30, the protonation degree of PIM-

EA-TB gradually increased when the pH of the solution went from 4 to a more acidic 

condition. The gradual change of protonation degree leads to swelling and more effective 

uptake of Fe(CN)6
4− in a more acidic solution, which is consistent with the results presented 

here. The enhanced protonation of PIM-EA-TB (immobilised in 10 mM HCl) appears to be 

retained when the electrode is transferred to the electrolyte with 1 mM HCl (see Figure 3.6B 

voltammetric data). Nevertheless, the current response observed here does not necessarily 

reveal the total amount of anions bound in the polymer because of the re-equilibrium after 

immersion of the electrode to a different condition. The re-equilibrium phenomenon can be 

reflected by changing the pH of the electrolyte during the cyclic voltammetry. 

 

3.3.2 pH Effects on the Binding and Reactivity of Fe(CN)6
3-/4- in PIM-EA-TB 

Apart from the pH effect during immobilisation of Fe(CN)6
4−, it is essential to inspect the 

pH effect of the solution when carrying out the voltammetric experiments. The aim is to 

reveal the behaviour of the redox film in solutions with different acidity. Surprisingly, the 

protonation of PIM-EA-TB is not reversed when immersed in solutions with pH higher than 

4, and Fe(CN)6
4− ions stay bound in the host structure. Cyclic voltammograms of the 

Fe(CN)6
4−-immobilised films tested in 0.1 M KCl (pH ≈ 7) are shown in Figure 3.6C. Stable 

current responses over at least 10 cycles are obtained, consistent with data observed in pH 3 

electrolyte (in Figure 3.6B). Voltammetric data for Fe(CN)6
4− immobilised in 1 mM HCl 

solution are stable. The stable voltammetric signal indicates that Fe(CN)6
4− binding into 

PIM-EA-TB remains tight even in a neutral condition. Even though some leaching out of 

Fe(CN)6
4− happens in the case of the sample immobilised from 10 mM HCl. There are two 

possible ways to explain the immobilisation effect. One is that the Fe(CN)6
4− multi-charged 

anion could interact with K+ to form a second shell and become bulky leading to steric 

retention. Alternatively, most likely, the protonation of PIM-EA-TB retains even at a neutral 

solution because it requires hydroxide anions to enter the micropores to combine with the 

protons 21. Therefore, the apparent Fe(CN)6
4− binding with PIM-EA-TB happens and 

remains in the absence of hydroxide, which results in a higher pKA value of the polymer. A 
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systematic investigation is critical to provide further and complementary information about 

the Fe(CN)6
4− binding by changing the pH of the electrolyte during cyclic voltammetry. 

The immobilisation of Fe(CN)6
4− in PIM-EA-TB is strongly dependent on the pH of the 

absorbing solution as described above, and the uptake of Fe(CN)6
4− can only be ensured at 

pH ≤ 3. Similarly, the redox voltammetric cycling performance of Fe(CN)6
4--embedded 

PIM-EA-TB should be affected by the pH of the electrolyte. Specifically, the cycling 

properties of the redox film could be changed in an alkaline condition which is of practical 

importance since hydroxide ions could destroy the protonation of the host and therefore 

cause a release of Fe(CN)6
4− into the solution. When Fe(CN)6

3−-loaded PIM-EA-TB coating 

was tested in 0.1 M KCl solution, the resulting cyclic voltammograms are dependent on the 

solution pH. Figure 3.7A shows the overlayed data obtained at different pHs (pH of 

electrolytes adjusted by HCl or KOH). When cycled at pH 3, the voltammetric response 

gives a peak current of approximate 5.5 µA and a midpoint potential of Emid = 0.18 V vs. 

SCE. A slight loss of voltammetric signal appears when going to pH 5, 7, or 9. The midpoint 

potential shifts to Emid = 0.09 V vs. SCE and remains pH-independent. The midpoint 

potential altering towards a negative direction from pH 3 to pH 5 could be interpreted by 

proton expulsion during oxidation (each redox reaction being cycled for 4 times) as 

described in Equation 3.2. Then the relatively fixed midpoint potential from pH 5 to pH 9 is 

consistent with a process related to K+ (see Equation 3.3). 

 

 

Figure 3.7 Systematic investigation of pH effect during voltammetry. (A) Cyclic 

voltammograms (first cycle; scan rate 100 mV s-1) for 2 μg PIM-EA-TB on a glassy carbon 

electrode (immersed into 0.1 mM K3Fe(CN)6 and 1 mM HCl for 12 h at 4 °C) tested in 

aqueous 0.1 M KCl at pH 3, 5, 7, 9, 11 first cycle, and 11 second cycle. (B) As in (A), but 

for pH 13 cycle 1, cycle 2, cycle 5, and cycle 10. (C) As before, showing an initial 

experiment at pH 3, followed by an experiment at pH 13, then followed by an experiment at 

pH 3. 
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When testing the electrode in more alkaline solutions, the peak responses with Emid = 0.09 

V vs. SCE disappears, and a more symmetric small peak response with Emid = 0.20 V vs. 

SCE appears (see data at pH 11 for first and second cycles in Figure 3.7A). The emerged 

peak current response decays over several potential cycles at pH 13 (see Figure 3.7B). These 

phenomena can be explained based on the hypothesis that only at pH > 9 does deprotonation 

of the PIM-EA-TB/H+/Fe(CN)6
4− film happen, and then the resulting K+-incorporated 

Fe(CN)6
4− complex then slowly diffuses out in alkaline condition from the PIM host to the 

solution. Following the results above, the apparent pKA for deprotonation of PIM-EA-

TB/H+/Fe(CN)6
4− is at pH ≈ 9. More fundamentally, it means that a considerable amount of 

hydroxide is needed to cause deprotonation and leaching out of Fe(CN)6
3−/4-. After cycled in 

solution at pH 13, the current response of the same electrode at pH 3 is indeed lost, as 

evidenced in Figure 3.7C. 

 

3.3.3 Electrocatalysis with PIM-EA-TB/Fe(CN)6
3-/4--coated Electrodes 

Heterogeneous catalysis behaviour could be studied with the Fe(CN)6
3−/4--immobilised PIM-

EA-TB film on an electrode. Ferrocyanide and ferricyanide redox couple has been 

investigated as homogeneous catalysts when dissolved in solutions, such as in the detection 

of ascorbic acid 38 or hydrogen sulphide 7. Here, the “organic/polymeric Prussian blue” based 

on PIM-EA-TB/Fe(CN)6
3-/4- is explored for electrocatalytic oxidation of ascorbic acid. 

Equation 3.4 shows the oxidation reaction of ascorbic acid, which experiences two-electron 

oxidation followed by a rapid hydration process 39-41. 

(3.4)

 

Figure 3.8 depicts the voltammetric data of PIM-EA-TB/Fe(CN)6
3-/4- film for the 

electrocatalytic oxidation of ascorbic acid in an aqueous 0.1 M KCl solution. The 

comparison of Figure 3.8A and Figure 3.8B gives the effect of immobilisation conditions 

(difference in Fe(CN)6
4- concentration during immobilisation). When the immobilisation 

happens in 1 mM Fe(CN)6
4-, the amount of Fe(CN)6

4- absorbed in PIM-EA-TB is lower 

compared to that of using 0.1 mM Fe(CN)6
4-. Thus, the electrocatalytic currents are higher 

in Figure 3.8B, which agrees with more catalysts and/or faster charge diffusion. 
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Figure 3.8 Electrocatalytic performance of PIM-EA-TB/Fe(CN)6
4- redox film. (A) 

Cyclic voltammograms (first cycle; scan rate 5 mV s-1) for a 3 mm diameter glassy carbon 

electrode with 2 μg PIM-EA-TB (immersed into 1 mM K4Fe(CN)6 and 1 mM HCl aqueous 

solution at 4 °C for 12 h) in 0.1 M KCl with 1 mM HCl in the presence of 0.0, 0.5, 1.0, and 

2.0 mM ascorbic acid. (B) As in (A), but kept in 0.1 mM K4Fe(CN)6 in 1 mM HCl at 4 °C 

for 12 h and measured in 0.1 M KCl with 1 mM HCl in the presence of 0.0, 0.5, 1, 4, 8, and 

16 mM ascorbic acid. (C) As in (B), but kept in 0.1 mM K4Fe(CN)6 in 1 mM HCl at 4 °C 

for 12 h and measured in 0.1 M KCl without 1 mM HCl in the presence of 0, 1, 2, 4, 8, and 

16 mM ascorbic acid. (D, E, and F) Plots of anodic peak current versus ascorbic acid 

concentration from (A), (B) and (C), respectively. 

 

Next, the effect of the solution pH during electrocatalysis is explored. Figure 3.8C is 

recorded with the same PIM-EA-TB/Fe(CN)6
4- catalytic film as used in Figure 3.8B, but the 

ascorbic acid is dissolved in 0.1 M KCl without any HCl. The oxidation of ascorbic acid 

does produce localise acid (Equation 3.4), but the absence of additional protons from the 

electrolyte seems to increase the catalytic reaction rate. 

The reaction extent of ascorbic acid oxidation can be predicted approximately by the 

Randles–Ševčík relation (see Equation 3.5 42,43). Based on this equation, the peak current for 

ascorbic oxidation, Ip, is correlated to the number of electrons transferred, n = 2; the Faraday 

constant, F; the electrode area, A; the ascorbic acid concentration, c; the potential scan rate, 

ν; the diffusion coefficient of ascorbic acid, D; the gas constant, R and the temperature, T. 
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According to a previous study, the diffusion coefficient of ascorbic acid in aqueous solution 

is D = 0.69 × 10−9 m2 s−1 44. 

𝐼𝑝 = 0.446𝑛
3
2𝐹
3
2𝐴𝑐√

𝜈𝐷

𝑅𝑇
(3.5) 

This equation is only used to give an estimation for the current response. The actual condition 

can be complex due to chemical irreversibility affecting the peak current. Nevertheless, an 

approximate line can be prevised, as shown in Figure 3.8F. This line provides the predicted 

current for the diffusion-controlled oxidation of ascorbic acid, which is significantly higher 

than the experimentally recorded data. The experimental process is presumably limited by 

either the charge hopping in the host, or the catalytic reaction rate (such as diffusion of 

ascorbic acid) in the redox film, or both. Further investigation needs to be done on the 

porosity effects on the catalytic process. 

 

3.4 Conclusions 

The preliminary study in this chapter presents the possibility of immobilising redox anions 

of Fe(CN)6
3-/4- into a microporous PIM-EA-TB host. The protonation of PIM-EA-TB 

associated with permeation and immobilisation of Fe(CN)6
3-/4- results in a redox-active film 

deposit. The nanochannels in the polymer provide space for ion transport and diffusion of 

substrates such as ascorbic acid, thus making it possible for an electrocatalytic reaction to 

happen. To summarise, 

(i) Protonation of PIM-EA-TB at pH ≤ 3 at 4 °C over 12 h leads to an efficient 

immobilisation of Fe(CN)6
3-/4-. A higher concentration of acid results in an 

increased amount of Fe(CN)6
3-/4- inside the polymer, but the binding between ions 

and the host structure will be destroyed in an alkaline solution at pH > 9. 

(ii) When considering the permeation and transport of anions like Fe(CN)6
4- through 

microporous materials, counter ions (such as H+ and K+) should be considered as 

they can affect the rate constants. 

(iii) During the immobilisation process, Fe(CN)6
4- acts as a base and therefore 

competes for protons. Thus, a higher concentration of Fe(CN)6
4- is unfavourable 

to immobilisation. 
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(iv) Immobilised Fe(CN)6
4- remains redox reactivity, which can be readily and 

reversibly converted into Fe(CN)6
3- during potential cycling. The cyclic 

voltammograms show diffusion-typed behaviour probably resulting from 

electron hopping diffusion inside the PIM-EA-TB structure. 

(v) Electrocatalytic oxidation of ascorbic acid is demonstrated for PIM-EA-

TB/Fe(CN)6
4- film. The amount of Fe(CN)6

4- immobilised in the film strongly 

affects the catalytic rates, which could be related to the rate of charge transport 

through the film or the diffusion ability of ascorbic acid into the nanochannels. 

Work presented in this chapter gives an example of immobilisation and reactivity of ions 

in one of the typical PIMs. It can be seen as a first step in exploring more complicated 

cases of species immobilisation in PIMs. The data are incomplete in terms of models to 

explain the diffusion inside the polymer, the kinetic aspects, and applications of these 

redox systems. 

In the future, other possible redox guest species can be explored to study the mechanisms 

of the immobilisation process and extend the applications of these hybrid films. 

Modifications of the molecular structures of PIM-EA-TB could also be employed to tune 

the properties of the redox films. 
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Chapter Abstract 

Electrocatalytic reactions usually contain molecularly involved processes such as redox 

molecular couples. For heterogeneous reactions, the diffusion and reactivity of redox 

molecules are of great interest. In this chapter, an intrinsically microporous polyamine (PIM-

EA-TB) with typical micropore sizes of 0.5 nm to 1.5 nm has been explored as a host for 

binding redox guest molecules like catechin and quercetin. The guest species interact with 

tertiary amine sites in PIM-EA-TB via hydrogen bonding. Cyclic voltammetric results 

propose apparent Langmuirian binding constants for catechin of 550 (± 50) × 103 M-1 at pH 

2 when PIM-EA-TB is protonated and 130 (± 13) × 103 M-1 at pH 6 when PIM-EA-TB is 

not protonated. The binding capacity is typically one guest molecule binding to each 

monomer of PIM-EA-TB. Although higher loading can be achieved by host/guest co-

deposition from tetrahydrofuran solution, excess guest molecules will be released into the 

solution after a few potential cycles. The bound ortho-quinol molecules show 2-electron 2-

proton redox conversion to the corresponding quinones in a thin mono-layer PIM-EA-TB 

film close to the electrode surface. Release of guest species happens depending on the 

amount of loading and the type of guests, either spontaneously or under electrochemical 

stimuli. 

 

Graphical Abstract 
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4.1 Introduction 

Binding and release of guest species in microporous materials are of great interest in 

selective capture of specific species from wastewater 1, in the analysis of porous permeable 

membranes 2, and in controlled release of drugs in medical applications 3. The hydrogen 

bonding between a guest and a microporous host enhances the host-guest interactions and 

induces the pH-dependent accumulation and release processes 4. One of the prototypical 

polymers of intrinsic microporosity (PIMs), PIM-EA-TB (see molecular structure in Figure 

4.1), is considered as a host to allow spontaneous and efficient accumulation and release of 

herbal drugs. 

 

 

Figure 4.1 Molecular structures for PIM-EA-TB (monomeric unit m.w. 300 g mol-1), the 

flavanol catechin (m.w. 290 g mol−1), and the flavonol quercetin (m.w. 304 g mol-1). 

 

PIM-EA-TB has a typical molecular weight of 70 kDa, a Brunauer–Emmett–Teller (BET 

analysis of nitrogen adsorption 5) surface area of 1000 m2 g-1, and pore sizes dominantly 

ranging from 0.5 nm to 1.5 nm. The presence of tertiary amine functional groups in PIM-

EA-TB provide sites for protonation (at pH ≈ 4) in aqueous solution 6. Hydrogen bonding 

has been reported to play an essential role in accumulating guest species like caffeic acid 7 

in PIM-EA-TB at pH > 4. For weakly acidic guest species, hydrogen bonding is likely to 

enhance the host-guest interactions and therefore contribute to the rate of transport processes 

in PIM-EA-TB structure. 

Catechin (see molecular structure in Figure 4.1), as an ortho-quinol, is a natural flavanol 

component in herbal teas 8,9 and wine 10. The electrochemical properties of catechin11 have 

been investigated as an antioxidant 12 and a superoxide radical quencher 13. 

Electrochemically deposited catechin film on a glassy carbon electrode was studied toward 

electrocatalytical oxidation of hydrazine 14. The first deprotonation of catechin happens at 

pKA = 8.7 15. 
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Quercetin (see molecular structure in Figure 4.1), another ortho-quinol, has similar redox-

chemical reactivity as catechin, but is less soluble in water. Quercetin shows a slightly acidic 

first deprotonation at pKA ≈ 7.1 16. Electrochemistry of quercetin has been studied 17,18, and 

the electrochemical detection of quercetin based on carbon materials has been reported 19. 

As a member of flavonoids, quercetin has been proved to have anti-cancer activity in vitro 

and in vivo 20. The antioxidant characteristic of quercetin could be linked to medical 

applications 21. The binding of quercetin into microporous metal-organic framework ZIF-90 

22 or chitosan 23, and the release of quercetin from natural hydrogels 24 have been reported. 

However, quercetin shows low stability when physical and chemical condition changes, such 

as temperature 25,26, pH 27,28, presence of metal ions 26, and oxygen 29,30. Efforts have been 

put into improving stability and absorption of quercetin31,32. 

In this chapter, catechin and quercetin are investigated as guest molecules to bind into host 

PIM-EA-TB. The accumulation and reactivity are studied by voltammetric experiments. The 

binding of catechin or quercetin from aqueous solutions is revealed to reach a limit with the 

molar ratio of 1:1 (catechin or quercetin: PIM-EA-TB monomeric unit). Similar deposits 

with higher loading can be achieved by co-deposition from host and guest mixed 

tetrahydrofuran (THF) solution. Effects of catechin or quercetin loading and pH on binding 

and release are explored. 

 

4.2 Experimental 

4.2.1 Reagents 

Catechin (≥98%, HPLC), quercetin (≥95%, HPLC), carbon (glassy, spherical powder, 2–12 

μm, 99.5% trace metals basis), chloroform (≥99.8%), and phosphoric acid (H3PO4, 85 wt%) 

were products of Sigma Aldrich. Sodium hydroxide (NaOH, ≥97%) and tetrahydrofuran 

(THF, ≥99.8%) were purchased from Fisher Chemical. The synthesis of PIM-EA-TB 

followed the literature method.5 Ethanol absolute from VWR Chemicals is used in the pre-

dissolution of quercetin for quantification experiments. Ultra-pure water (resistivity 18.2 

MΩ cm at 20 °C) from a Thermo Scientific water purification system was employed to 

prepare aqueous solutions. 
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4.2.2 Instrumentation 

Electrochemistry data were recorded by a potentiostat (Metrohm μAutolab II). 

Electrochemical experiments were carried out with a three-electrode configuration, in which 

a 3 mm diameter glassy carbon disk electrode was the working electrode, a Pt wire as the 

counter electrode, and a KCl-saturated calomel electrode (SCE, Radiometer REF 401) was 

the reference electrode. Phosphate buffer solutions with different pHs were prepared with 

phosphoric acid solution adjusted by solid sodium hydroxide and monitored with a pH meter 

(Jenway 3505). The catechin and quercetin was determined by liquid chromatography-mass 

spectroscopy (LC-MS) technique employing an Agilent 6545 Accurate-Mass Q-TOF 

LC/MS system. Scanning electron microscopy (SEM) images were captured with JEOL 

JSM-6301F FESEM equipment. 

4.2.3 Catechin Immobilisation into PIM-EA-TB by Aqueous Solution Uptake 

PIM-EA-TB was dissolved in chloroform to make a 1 mg mL−1 stock solution. The first 

immobilisation method was immersing PIM-EA-TB film into catechin aqueous solutions for 

a specific time. Typically, a film of deposit was prepared by drop-casting 2 μL of 1 mg 

mL−1 PIM-EA-TB chloroform solution on a 3 mm diameter glassy carbon disk electrode. 

The uptake of catechin happened gradually by immersing the electrode in catechin-

containing phosphate buffer (0.1 M) solutions and left overnight (12 h) at 4 °C in a 

refrigerator. Then the electrode was rinsed with water and electrochemically assessed in 0.1 

M phosphate buffer electrolyte solution. 

4.2.4 Catechin and Quercetin Immobilisation into PIM-EA-TB by Codeposition of 

THF Solutions 

PIM-EA-TB, catechin, and quercetin solutions in THF were prepared by dissolution. PIM-

EA-TB solution (1 mg mL−1) was mixed with catechin or quercetin solution (with 

concentrations of 0.1 or 1 or 10 mg mL−1) in a volume ratio of 1:1. Typically, 4 μL of the 

mixed solution was coated on a 3 mm diameter glassy carbon disk electrode, evaporated in 

ambient, and electrochemically tested in 0.1 M phosphate buffer electrolyte. To increase the 

surface area and thereby enhance the voltammetric currents for catechin-immobilised PIM-

EA-TB deposit, carbon microspheres were introduced in some experiments. A THF solution 

of 180 mg mL−1 carbon spheres with 7.5 mg mL−1 PIM-EA-TB was prepared. Then an 

amount of 2 μL of the solution was deposited onto a glassy carbon electrode. The 

immobilisation was carried out in a refrigerator with 5 μM catechin in 0.1 M phosphate 
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buffer solution (pH 2) buffer for 12 h. The same procedure of catechin immobilisation was 

performed without carbon spheres to show the effect of surface area on the voltammetric 

response. 

4.2.5 Catechin and Quercetin Release Quantification 

The catechin or quercetin-immobilised PIM-EA-TB deposits in this section were acquired 

from the co-deposition method from THF solutions. Chronoamperometry was performed at 

different applied potentials of 0.0/−1.5/−2.0/−2.5/−3.0/−3.5 V vs. SCE for 5 min in 10 mM 

phosphate buffer solution (pH 7). The applied potential caused alkaline conditions to develop 

inside PIM-EA-TB to accelerate the release process. After chronoamperometry, the 

electrolyte solutions were analysed by liquid chromatography coupled with mass 

spectroscopy (LC-MS) using an Agilent QTOF 6545 walk-up system. Calibration curves 

(Figure 4.2) for catechin and quercetin were processed in Qual B 07.00 and Quant 10.0 

software to quantify catechin and quercetin release. Note that the response values 

proportional to concentrations here are the integration of the compound chromatograms. 

 

 

Figure 4.2 Quantification of catechin and quercetin. Compound chromatograms and 

calibration curves of catechin (A) and quercetin (B) from the liquid chromatography-mass 

spectroscopy (LC-MS) technique. Response values are areas under chromatogram curves. 

 

4.3 Results and Discussion 

4.3.1 Catechin Immobilisation by Absorption into PIM-EA-TB 

When a typical amount of 2 μg PIM-EA-TB was deposited on a 3 mm diameter glassy carbon 

electrode, the film thickness was about 0.3 μm on average, assuming a density of 
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approximate 1 g cm-3. The coated electrode was then immersed in 0.1 mM catechin in 0.1 

M phosphate buffer at pH 2 for 12 h in a fridge. After rinsing with water, the electrode was 

electrochemically evaluated in 0.1 M phosphate buffer electrolyte at pH 2. Cyclic 

voltammograms at different potential scan rates are shown in Figures 4.3A and B. Well-

defined redox shape of voltammetric data is observed with a midpoint potential Emid = ½(Ep, 

ox + Ep, red) = 0.46 V vs. SCE. The voltammetric results agree with the reported ortho-quinol 

to ortho-quinone 2-electron 2-proton process for catechin 33 (Equation 4.1). 

(4.1)

 

A double-logarithmic plot of anodic peak current against scan rate (Figure 4.3C) generates 

a linear relationship with a slope of close to 1.0, demonstrating an immobilised redox thin-

layer behaviour without significant effects from diffusion on the peak current. The redox 

signal of the deposit is stable after a series of voltammetric experiments (see Figure 4.3D). 

Given the linear relationship between the peak currents scale and scan rate, it is of interest 

to assess the charge under the oxidation peak current. The charge is approximately Qp = 3 

µC, corresponding to an amount of 1013 catechin molecules or 1013 PIM-EA-TB monomers, 

assuming the hydrogen binding (amine sites in PIM-EA-TB structure binding to hydroxide 

groups of catechin molecules) capacity of one molecule to one monomer unit. Therefore, the 

active film volume is about 4.5×10-9 cm3 or an average thickness of 0.65 nm (on a 3 mm 

diameter electrode), presuming an approximate PIM-EA-TB density of 1 g cm-3. The 

electrochemically active amount of the film demonstrates that only a mono-layer of catechin 

molecules (within tunnel distance to the electrode, see Figure 4.3F) is engaged in the redox 

reactions without significant propagation of charges into the bulk polymer film. It is unlikely 

that the transport of catechin molecules happens on the time scale of the voltammetric 

detection due to the rigid backbone of the host. Hydrogen bonds between catechin molecules 

and tertiary amines stay intact during redox tests, although there is probably a local pH 

change in the film. 
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Figure 4.3 Electrochemical results of catechin-immobilised PIM-EA-TB film by 

absorption from aqueous solution. (A) Cyclic voltammograms (3 mm diameter glassy 

carbon electrode; scan rate 0.5, 0.2, 0.1, 0.05, 0.02, and 0.01 V s-1) for a catechin-

immobilised PIM-EA-TB film (immobilisation in 0.1 mM catechin in 0.1 M phosphate 

buffer at pH 2 for 12 h) tested in electrolyte of 0.1 M phosphate buffer pH 2. (B) As in (A), 

for scan rates 0.01, 0.005, 0.002, and 0.001 V s-1. (C) A double-logarithmic plot of anodic 

peak current versus scan rate. (D) As in (A) for the initial and final potential cycles (scan 

rate of 0.5 V s-1). (E) As in (A), comparing the effect of pH during immobilisation (scan rate 

0.1 V s-1). (F) Schematic drawing of the thin layer redox process. 

 

The effect of pH during the catechin immobilisation process on the voltammetric response 

was investigated. Figure 4.3E shows the cyclic voltammograms of PIM-EA-TB film 

immobilised from catechin solution at pH 2, 3, 4, 5, and 6 and tested in electrolyte at pH 2. 

Note here that there is more than one redox process in the cyclic voltammograms of catechin. 

But in this case, the applied potential range was restricted to avoid the irreversible or 

electrode fouling process. The variation of the current responses is surprisingly minor. More 

than three times in each experiment are replicated to avoid random variation. A slight 

increase in peak current at pH 4 is observed, which could be tentatively explained by the 

higher mobility of catechin molecules in the channels of partially protonated PIM-EA-TB 

host. More formally, equations can be expressed to show the processes during catechin 

immobilisation at different pH ranges. The protonation of PIM-EA-TB in an aqueous 

phosphate buffer solution can be suggested as Equation 4.2. The equilibrium constant KA ≈ 

10 000 M-1 is associated with an approximate pKA of 4 under these conditions. 34  
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(4.2)

 

When immersing PIM-EA-TB in a solution with pH > 4, the tertiary amines inside the 

polymer are predominantly neutral, which show the ability to bind to protons from weakly 

acidic guest species. With a pKA ≈ 8.7, catechin can bind to the host through hydrogen 

bonding (see Equation 4.3). 

(4.3)

 

In a solution with pH < 4, the tertiary amines in PIM-EA-TB are predominantly protonated. 

Therefore, the catechin binding process could be demonstrated as an exchange reaction in 

which the aqueous acid is liberated, as shown in Equation 4.4. 

(4.4)

 

To better understand the immobilisation process, the apparent binding constant for catechin 

can be extracted from binding curves. Binding curves here are based on the 

electrochemically active catechin content immobilised in PIM-EA-TB (proportional to the 

voltammetric peak currents) as a function of catechin concentration in solution during the 

immobilisation process. Figure 4.4 presents data for the effect of catechin concentration on 

binding into PIM-EA-TB at pH = 2 (when protonation happens) and at pH = 6 (when no 

protonation happens). The peak currents increase with catechin concentration in solution 

during the immobilisation process for both cases under experimental conditions here. 

Binding constants are estimated from voltammetric currents plotted and fitted with a 

Langmurian model (Figure 4.4B and D). The binding constant at pH 2 is approximately 550 

(±50) × 103 M-1, slightly higher than that at pH 6, 130 (±13) × 103 M-1. Even though the 

fitting plots are not perfect, the binding of catechin is likely to be dominated by the hydrogen 

bonding interaction. 
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Fig. 4.4 Determination of apparent binding constants of catechin in PIM-EA-TB. (A) 

Cyclic voltammograms (3 mm diameter glassy carbon electrode; first cycle, scan rate 0.1 V 

s-1) for catechin-bound PIM-EA-TB film (immobilisation in 0.001, 0.003, 0.01, 0.1, and 0.3 

mM catechin in 0.1 M phosphate buffer pH 2 for 12 h) and immersed into 0.1 M phosphate 

buffer pH 2. (B) Plot of peak current versus logarithm of catechin concentration. (C) As in 

(A), but immobilisation in 0.003, 0.01, 0.03, 0.1, and 0.3 mM catechin in 0.1 M phosphate 

buffer pH 6 for 12 h. (D) Plot of peak current versus logarithm of catechin concentration. 

 

Next, the binding behaviour of catechin-immobilised PIM-EA-TB was studied by varying 

the pH of the electrolyte. A well-defined Nernstian shift as a function of pH value is observed 

(Figure 4.5A and grey squared points in E). Gradual loss of catechin signal happens when 

pH value alters from 2 to 13. A dramatic loss of signal emerges for pH > 9. Figure 4.5B 

contrasts the binding behaviours from pH 2 to pH 13, then back to pH 2. The catechin signal 

evidently disappears in the alkaline solution. At pH 13, the deprotonation of PIM-EA-TB 

film takes place, and thereby binding of catechin is inhibited. The behaviours of catechin-

immobilised PIM-EA-TB film under neutral (water) and alkaline (pH 13 buffer solution) 

conditions are qualitatively contrasted and photographed in Figure 4.5F. The colour change 

in alkaline solution is consistent with the reported colour of catechin 35. 
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Figure 4.5 pH effects during voltammetry on catechin-immobilised PIM-EA-TB by 

absorbing or co-deposition method.  (A) Cyclic voltammograms (3 mm diameter glassy 

carbon electrode; scan rate 0.1 V s-1) for catechin bound into a PIM-EA-TB film and 

immersed into 0.1 M phosphate buffer at different pH values (pH = 2, 3, 4, 5, 6, 7, 9, and 

11). (B) As in (A), but comparing pH 2, then pH 13, then back to pH 2. (C) Cyclic 

voltammograms (3 mm diameter glassy carbon electrode; scan rate 0.1 V s-1) for catechin 

co-deposited into a PIM-EA-TB film and immersed into 0.1 M phosphate buffer at different 

pH values. (D) As in (C), but comparing pH 2, then pH 13, then back to pH 2. (E) A plot of 

midpoint potential Emid = ½(Ep, ox + Ep, red) versus pH. (F) Photograph showing the PIM-EA-

TB/catechin 1 : 1 film in a glass vial exposed to water and 0.1 M phosphate buffer pH 13. 

 

As a result of only a very thin layer (mono-layer in this case) of the film being 

electrochemically active, the voltammetric currents remain low. One of the options to 

increase the currents is to introduce a higher surface area. Carbon microspheres of typically 

2 to 12 µm (see SEM images in Figures 4.6E and F) are employed here and directly co-

deposited with PIM-EA-TB chloroform solution. Since 360 µg carbon was mixed and co-

deposited with 15 µg PIM-EA-TB, an approximate 24 times higher surface area is obtained 

(assuming an average of 6 µm diameter spheres). The electrochemical redox results of 

catechin-absorbed PIM-EA-TB with carbon spheres (after binding from 5 µM catechin 

solution) are shown in Figures 4.6A and B. The oxidative peak current is approximate 2 µA 

at a scan rate of 0.01 V s-1. For comparison, a current of 0.2 µA was obtained for the PIM-

EA-TB on a flat electrode without carbon spheres immobilised from 100 µM catechin 

(Figure 4.3B). The redox currents are significantly enhanced with the presence of carbon 
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spheres. A corresponding higher capacitive background current is consistent with a higher 

surface area created by carbon microspheres (Figure 4.6D). 

 

 

Figure 4.6 Enhancement of surface area and thereby redox current response of 

catechin-absorbed PIM-EA-TB.  (A) Cyclic voltammograms (3 mm diameter glassy 

carbon electrode with 0.36 mg carbon microspheres and 15 μg PIM-EA-TB; scan rate 0.5, 

0.2, 0.1, 0.05, 0.02, and 0.01 V s-1) for catechin bound into a PIM-EA-TB film 

(immobilisation in 0.005 mM catechin in 0.1 M phosphate buffer pH 2 for 12 h) and 

immersed into 0.1 M phosphate buffer pH 2. (B) As in (A), for scan rates 0.01, 0.005, 0.002, 

and 0.001 V s-1. (C) A double-logarithmic plot of anodic peak current versus scan rate. (D) 

As in (A), for the first and second potential cycles and comparison to data obtained without 

carbon microspheres for the first and second potential cycles (scan rate 0.1 V s-1). (E and F) 

Scanning electron micrographs (SEM) of carbon microsphere/PIM-EA-TB deposits. 

 

4.3.2 Catechin Immobilisation by Co-deposition with PIM-EA-TB 

The catechin immobilisation in PIM-EA-TB by solution uptake method takes a long time 

(about 12 h). Therefore, other strategies to immobilise species like catechin into PIM-EA-

TB need to be explored in terms of efficiency. PIM-EA-TB is highly processable and soluble 

in tetrahydrofuran (THF). So, it is feasible to dissolve PIM-EA-TB and catechin together in 

THF and deposit the solution onto the glassy carbon electrode.  
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Figure 4.7 presents voltammetric results for 2 μg catechin co-deposited with 2 μg PIM-EA-

TB. Given the molecular weights of the PIM-EA-TB monomer (300 g mol-1) and catechin 

(290.3 g mol-1), the molar ratio of these two components is about 1 to 1, leading to effective 

hydrogen bonding. Voltammetric results in Figures 4.7A and B are very similar to those in 

Figures 4.3A and B. These results verify the formation of 1 : 1 PIM-EA-TB monomer repeat 

unit : catechin molecule during catechin absorption from solution. The oxidation peak 

current scale linearly related to scan rate shown in Figure 4.7C is consistent with the result 

in Figure 4.3C. Only a very thin layer of the film at the electrode surface is electrochemically 

active, as illustrated in Figure 4.7F. Accordingly, the implication is that the same type of 

catechin-immobilised PIM-EA-TB film can be fabricated by the aqueous solution-absorbing 

method or by the co-deposition method. 

 

 

Figure 4.7 Electrochemical results for catechin-immobilised PIM-EA-TB by 

codeposition method. (A) Cyclic voltammograms (3 mm diameter glassy carbon electrode; 

scan rate 0.5, 0.2, 0.1, 0.05, 0.02, and 0.01 V s-1) for catechin co-deposited with PIM-EA-

TB into a film (2 μg catechin with 2 μg PIM-EA-TB) and immersed into 0.1 M phosphate 

buffer pH 2. (B) As in (A), for scan rates 0.01, 0.005, 0.002, and 0.001 V s-1. (C) Double-

logarithmic plot of anodic peak current versus scan rate. (D) As in (A), for 20 μg catechin 

with 2 μg PIM-EA-TB showing potential cycles 1, 2, 3, and 10 (scan rate 0.1 V s-1). (E) As 

in (A), comparing (i) 20 μg catechin/2 μg PIM-EA-TB cycle 1, 20 μg catechin/2 μg PIM-

EA-TB cycle 3, 2 μg catechin/2 μg PIM-EA-TB cycle 1, and 0.2 μg catechin/2 μg PIM-EA-

TB cycle 1 (scan rate 0.1 V s-1). (F) Schematic illustrating the thin layer redox process. 

 



107 

 

High loading of catechin can be achieved by making catechin content higher in the mixed 

THF solution. Figure 4.7D shows the voltammetric results for the case of 1 : 10 polymer 

repeat unit : catechin ratio. The initial catechin oxidation current appears to be higher, but 

drastically drops to the value observed for 1 : 1 polymer repeat unit : catechin film. 

Consequently, excess catechin molecules leach out rapidly, leaving only the bound catechin 

in the microporous host. Figure 4.7E displays comparison data of different loading of 

catechin in PIM-EA-TB. The lower loading for 1 : 0.1  host monomer : catechin case shows 

a considerable lower yet stable current response. The effect of electrolyte pH during 

electrochemical tests for catechin co-deposited in 1 : 1 ratio (Figure 4.5C and D) is very 

similar to the solution-absorbing method (Figure 4.5A and B). 

 

4.3.3 Quercetin Immobilisation by Co-deposition with PIM-EA-TB 

The aqueous solubility of quercetin is lower 36 compared to that of catechin. Thereby, 

experiments for absorption into PIM-EA-TB from aqueous solutions have not been carried 

out. Electrochemical investigation of quercetin immobilisation by co-deposition with PIM-

EA-TB has been achieved. Figure 4.8A and B present redox peaks for quercetin in PIM-EA-

TB film (1 : 1 polymer monomer : quercetin) tested in phosphate buffer electrolyte at pH 2. 

Oxidation and back-reduction of quercetin ( see Equation 4.5) undergo the 2-electron 2-

proton mechanism with a midpoint potential of Emid = ½(Ep, ox + Ep, red) = 0.42 V vs. SCE, 

consistent with the values reported 17,18. The redox signal is stable after several potential 

scans, suggesting that the instability of quercetin is inhibited by the PIM-EA-TB host. The 

oxidation peak current scale shows a linear relationship to scan rate with a slope of 1.0, 

consistent with a thin film of redox-active molecules close to the electrode surface. The 

charge under cyclic voltammograms is similar to that discovered for the catechin case. Thus, 

a similar redox-active film containing quercetin within tunnelling distance (see Figure 4.8F) 

can be presumed. 

(4.5)
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Figure 4.8 Electrochemical behaviours of quercetin-immobilised PIM-EA-TB by co-

deposition method. (A) Cyclic voltammograms (3 mm diameter glassy carbon electrode; 

scan rate 0.5, 0.2, 0.1, 0.05, 0.02, and 0.01 V s-1) for quercetin co-deposited with PIM-EA-

TB into a film (2 μg quercetin with 2 μg PIM-EA-TB) and immersed into 0.1 M phosphate 

buffer pH 2. (B) As in (A), for scan rates 0.01, 0.005, 0.002, and 0.001 V s-1. (C) Double-

logarithmic plot of anodic peak current versus scan rate. (D) As in (A), for 20 μg quercetin 

with 2 μg PIM-EA-TB showing potential cycles 1, 2, 3, and 10 (scan rate 0.1 V s-1). (E) As 

in A, comparing 20 μg quercetin/2 μg PIM-EA-TB cycle 1, 20 μg quercetin/2 μg PIM-EA-

TB cycle 3, 2 μg quercetin/2 μg PIM-EA-TB cycle 1, and 0.2 μg quercetin/2 μg PIM-EA-

TB cycle 1 (scan rate 0.1 V s-1). (F) Schematic illustrating the thin layer redox process. 

 

Secondary redox peaks that appeared at higher scan rates (see Figure 4.8A) could be related 

to localised pH differences in the microchannels of PIM-EA-TB, or could be linked to 

subsequent oxidation steps consistent with previous report 18. Figure 4.8D and E represent 

that excess quercetin can leach out from the host (for the case of 1 : 10 host polymer repeat 

unit : quercetin), similar to the case of catechin. The redox current responses remain stable 

after 10 potential cycles, yet the signal becomes consistent with that observed for the 1 : 1 

host polymer repeat unit : quercetin film deposit. 

The effect of solution pH during voltammetric experiments has been studied for the 

quercetin-immobilised film (see Figure 4.9A). A clear Nernstian shift of midpoint potential 

occurs when the solution pH changes from 2 to 7 (Figure 4.9C), similar to the case of 

catechin. In more alkaline conditions, leaching of quercetin is proposed. Figure 4.9B 

contrasts voltammetric data from pH 2, then pH 13, and then back to pH 2. The signal for 



109 

 

quercetin is indeed lost after being exposed to alkaline solutions. The photograph in Figure 

4.9D indicates the difference between quercetin-immobilised PIM-EA-TB in water and 

phosphate buffer of pH 13. Furthermore, the characteristic yellow colour in alkaline 

conditions confirms the loss of quercetin from the film. 

 

 

Figure 4.9 pH effects during voltammetry on catechin-immobilised PIM-EA-TB by 

absorbing or co-deposition method.  (A) Cyclic voltammograms (3 mm diameter glassy 

carbon electrode; scan rate 0.1 V s-1) for quercetin co-deposited into a PIM-EA-TB film and 

immersed into 0.1 M phosphate buffer at different pH values (pH = 2, 3, 4, 5, 6, 7, 9, and 

11). (B) As in (A), but comparing pH 2, then pH 13, then back to pH 2. (C) A plot of midpoint 

potential Emid = ½(Ep,ox + Ep,red) versus pH. (D) Photograph showing the PIM-EA-

TB/quercetin 1 : 1 film in a glass vial exposed to water and 0.1 M phosphate buffer pH 13. 

 

4.3.4 Catechin and Quercetin Immobilisation by Codeposition with PIM-EA-TB 

Followed by Electrochemically Driven Release 

The release of guest species from the PIM-EA-TB host can be observed as a gradual loss of 

voltammetric signal. Further quantification studies were carried out by liquid 

chromatography coupled with mass spectroscopy (LC-MS) technique. The release of 

catechin or quercetin from PIM-EA-TB film into aqueous solutions was monitored in 

diffusion-controlled (non-electrochemical) conditions and electrochemical-controlled (by 

imposing negative potential) settings. Hydrogen bubbles on the electrode surface were 

generated while applying negative potentials, though no delamination of the thin PIM-EA-
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TB film from the electrode surface was observed. Catechin or quercetin will rapidly air 

oxidise in extremely alkaline conditions and undergo a multitude of reactions in the LC-MS. 

It is ideal to show the degradation products from the LC-MS results. But when performing 

the MS detection, a mode of specific compound discovery was applied, and only the target 

compounds were highlighted and analysed. It would be important to show the actual release 

of catechin and quercetin from a drug delivery perspective in the future. 

The release of water-soluble catechin is observed to be slightly faster when compared to less 

water-soluble quercetin. Figure 4.10A shows the release of catechin from 10 : 1 guest : host 

film into 10 mM phosphate buffer (pH 7). The loss of catechin in solution is significant even 

without interference from external voltage. More than half amount of catechin is released 

within 5 minutes (green line in Figure 4.10A). The applied potential enhances the release 

process by driving out the remaining catechin bound in the polymer host. The applied 

negative potential was imposed to locally create alkaline conditions at the electrode surface. 

Some remaining catechin is likely to be trapped in the host outside the electrode area. 

 

 

Figure 4.10 Release of catechin or quercetin from PIM-EA-TB. LC-MS data for the 

spontaneous and electrochemically driven release of catechin (A) and quercetin (B and C). 

Green line: data without electrochemical stimulation but for the same reaction time. Grey 

line: release data obtained with electrochemical stimulation. Each applied potential is kept 

for 5 min in 10 mM phosphate buffer solution at pH 7. 

 

For the case of quercetin, the spontaneous or diffusion-driven loss is less dramatic. Only less 

than 5% of quercetin is released within 10 minutes (green line in Figure 4.10B) for the 10 : 

1 quercetin : PIM-EA-TB deposit. A negative voltage was then applied to drive the release 

of quercetin. Data in Figure 4.10 indicates that a potential of -2 V vs. SCE is effective in the 

release process, and an amount of about 30% quercetin is driven out from the host. It seems 
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that most quercetin stays in the film, but it could also be because of the low solubility of 

quercetin impeding detection. Figure 4.10C presents data for 1 : 1 quercetin : host monomer 

case, and close to complete loss of quercetin is observed at potentials more negative than -

2.5 V vs. SCE. Therefore, effective electrochemical release of quercetin can be possible, but 

the slow diffusion-driven release is always the case based on the experiments here. 

 

4.4 Conclusions 

Studies in this chapter demonstrate that catechin and quercetin can effectively bind to 

microporous PIM-EA-TB probably through hydrogen bonding to tertiary amine functional 

groups. Catechin binding can be achieved by absorbing from an aqueous solution and co-

deposition method with PIM-EA-TB to give films with the same electrochemical properties, 

whereas quercetin binding is only performed by co-deposition. Accumulation of catechin 

happens in acidic and neutral conditions irrespective of PIM-EA-TB protonation. 

Electrochemical-driven release for both catechin and quercetin is proven to be effective. The 

main observation can be summarised as follows: 

i) Microporous PIM-EA-TB provides conditions for the accumulation of catechin 

or quercetin species to form electrochemically redox film. The electrochemical 

reactions occur in a very thin layer close to the electrode surface. 

ii) Highly chemically reversible voltammetric peaks demonstrate no polymerisation 

or coupling of radical intermediates during the processes. The reason could be 

that the mobility of guest species is limited in the microporous host structure. 

iii) Accumulation of catechin has been proven effective in both acidic (pH = 2, 

protonated PIM-EA-TB) and neutral (pH = 6, non-protonated PIM-EA-TB) 

conditions with similar binding constants. Formation of 1 : 1 host polymer repeat 

unit : guest deposits are observed, likely attributed to hydrogen bonding. 

iv) Higher loading of catechin or quercetin in PIM-EA-TB can be achieved by the 

co-deposition method. However, excess guest species are readily released into 

the electrolyte solution to result in a film with a ratio of 1 : 1 host polymer repeat 

unit : guest. 

v) The spontaneous release of catechin into aqueous solutions is probably observed 

due to high water solubility. The electrochemical stimulus of catechin and 
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quercetin release is effective by applying negative potentials to locally create 

alkaline conditions. 

Rigid polymer hosts with functional groups could provide environments for 

accumulation and release of guest species. The guest molecules studied here display 

limited mobilities in PIM-EA-TB due to their relatively large molecular sizes. Although 

the work presented in this chapter will not be able to represent electrochemical 

behaviours of all the molecules with different sizes, functional groups, and shapes, it 

could be a preliminary step for the development of similar investigations of molecules 

involved host-guest systems. 
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Chapter Abstract 

Nano-palladium is embedded in the intrinsically microporous polyamine (PIM-EA-TB) by 

accumulating PdCl4
2- into the polymer host structure, followed by borohydride reduction. 

The palladium with a typical 3.2 ± 0.2 nm diameter size acts as a nano-catalyst, driving the 

spontaneous reaction between formic acid and oxygen to competingly yield hydrogen 

peroxide (at low formic acid concentrations in the air), water, and hydrogen (at higher formic 

acid concentration or under argon). Next, a spontaneous electroless gold deposition process 

is applied to attach gold (with a typical size of 10 to 35 nm diameter) to the palladium in 

PIM-EA-TB. The Pd/Au@PIM-EA-TB product gives an order of magnitude increased 

hydrogen peroxide yield even at higher concentrations of formic acid with suppressed 

hydrogen production. Pd and Au work hand-in-hand as bipolar electrocatalysts. A Clark 

probe is employed to evaluate the catalyst efficiency by monitoring the rates of oxygen 

removal and hydrogen evolution. An indirect method based on liquid chromatography - mass 

spectroscopy is developed to assess and quantify hydrogen peroxide production. The 

Pd/Au@PIM-EA-TB catalyst is effective and can be easily recovered and reused for 

hydrogen peroxide production. 

 

Graphical Abstract 
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5.1 Introduction 

Microporous polymers act commonly as host materials for immobilisation of catalysts since 

they provide restricted channels for reagent access, high accessible catalyst surface area, the 

possibility to recover and reuse the catalyst, and enhanced catalyst efficiency, for example, 

for palladium catalysts 1. Palladium has been reported for various applications in catalysis 

of C-C coupling chemistry 2, N-alkylation 3, hydrogenation of unsaturated olefins 4, 

hydrogen generation from formic acid 5, electrocatalysis 6, and H2O2 production 7,8. 

Palladium-containing composites like Pd-Au catalyst have been applied for “green” 

H2O2 production 9, the selective methane conversion to methanol 10, and alcohol oxidation 

11,12. Immobilisation of Pd nanoparticles into microporous hosts leads to enhanced catalytic 

reactivity when the permeation of reactants into the host-guest structure is adequate, and the 

catalyst is not blocked by the immobilisation process. Palladium has been embedded in the 

polymer of intrinsic microporosity PIM-1 for catalytic reduction of nitroaromatics 13. The 

PIM-1 host provided selectivity towards reactants with good permeation, and the guest Pd 

remained catalytically active. In this chapter, palladium is immobilised in the polymer of 

intrinsic microporosity PIM-EA-TB (see molecular structure in Figure 5.1). 

 

 

Figure 5.1 Molecular structure of PIM-EA-TB. 

 

Hydrogen peroxide has been proved to be a practical component applied in disinfection 14, 

biomass breakdown 15,16, pollution treatment 17,18, healthcare 19, bleaching 20,21, and further 

chemical preparation 22. Direct hydrogen peroxide generation from oxygen can be achieved, 

but the efficiency is always a challenge because of the difficulty in control of over-reduction 

or disproportionation of H2O2 into H2O and O2. Electrochemical H2O2 synthesis by oxygen 

reduction reaction over single atom catalysts is in progress 23. Although photocatalysts are 

successfully introduced to drive the reduction of O2 to H2O2 24, other dark chemical processes 
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linked to ambient oxygen and reducing agents (HCOOH25 or glucose26) are reported to be 

efficient. 

In this chapter, the immobilisation of a Pd nano-catalyst and the heterogenisation of a Pd/Au 

catalyst into microporous PIM-EA-TB are studied. The Pd nanoparticles of a typical size of 

3.2 nm are readily prepared by the accumulation of PdCl4
2- into PIM-EA-TB host and 

subsequent borohydride reduction. The resulting Pd catalysts are active towards hydrogen 

evolution from formic acid benefiting from the unblocked catalyst surface and adequate 

access of formic acid to the microstructure of the host polymer. Both hydrogen generation 

and oxygen consumption are evaluated in situ with a Clark probe 27. Catalytic processes 

driven by Pd catalyst could be tentatively suggested as oxygen consumption (see Equations 

5.1 and 5.2) and hydrogen production (Equation 5.3). 

𝑃𝑟𝑜𝑐ⅇ𝑠𝑠 1: 𝐻𝐶𝑂𝑂𝐻 + 𝑂2 ⇄ 𝐶𝑂2 + 𝐻2𝑂2 (5.1) 

𝑃𝑟𝑜𝑐ⅇ𝑠𝑠 2:𝐻𝐶𝑂𝑂𝐻 + 𝐻2𝑂2 ⇄ 𝐶𝑂2 + 2𝐻2𝑂 (5.2) 

𝑃𝑟𝑜𝑐ⅇ𝑠𝑠 3:𝐻𝐶𝑂𝑂𝐻 ⇄ 𝐶𝑂2 +𝐻2 (5.3) 

Spontaneous electroless deposition of gold attached to the Pd nanoparticles creates a 

heterogeneous Pd/Au catalyst which shows an enhanced rate of hydrogen peroxide 

production by order of magnitude. The competing reactions, the bipolar nature of the Pd/Au 

catalyst, and the function of PIM-EA-TB are explored. 

 

5.2 Experimental 

5.2.1 Reagents 

Hydrogen chloride (HCl, ACS reagent, 37%), palladium(II) chloride (PdCl2, 99%), sodium 

borohydride (NaBH4, powder, 98%), potassium gold (III) chloride (KAuCl4, 98%), 

phosphoric acid (H3PO4, 85 wt.% solution, ACS Reagent), formic acid (HCOOH, 96%, ACS 

Reagent), sodium carbonate (Na2CO3, powder, ≥ 99.5%, ACS Reagent), and p-

nitrophenylboronic acid (≥ 95.0%) were products from Sigma-Aldrich. Hydrogen peroxide 

(H2O2, ACS Reagent, 30 wt.% in H2O) and dimethyl sulfoxide (DMSO, for HPLC, ≥ 99.7%) 

were purchased from Honeywell. Sodium bicarbonate (NaHCO3, ≥ 99.7%) and sodium 

hydroxide (NaOH, pellets, laboratory reagent grade) were obtained from Fluka. Jovitec 

universal pH test paper (pH full range 1-14) was employed to monitor the pH value of 
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solutions in the H2O2 determination experiments. PIM-EA-TB was synthesised following 

the reported method 28. Nylon mesh with 75 µm diameter was purchased from Amazon.com 

(therpin reusable Nylon fine mesh food strainer bag). 

 

5.2.2 Instrumentation 

Clark-type polarographic dissolved oxygen probe (HI76407) and corresponding electrolyte 

fill solution (HI7041S) were purchased from Hanna Instruments Ltd. A thin tissue layer 

(Whatman Schleicher & Schuell 105 lens cleaning tissue) was employed to introduce a space 

between the platinum electrode and the Teflon membrane. Ultra-pure water (resistivity not 

less than 18.2 MΩ cm at 20 °C) from the Thermo Scientific water purification system was 

used to make aqueous solutions. The pH of buffer solutions was monitored by a pH meter 

(Jenway 3505). Morphologies of materials were imaged by a scanning electron microscope 

(SEM, Hitachi SU3900) and a transmission electron microscope (TEM, JEOL JEM-

2100PLUS). Elemental mapping was performed with an energy dispersive X-ray analyser 

(170 mm2 Ultim Max EDX) attached to the SEM equipment. Electrochemical experiments 

were controlled and recorded with a potentiostat (Metrohm microAutolab II). The 

quantification of H2O2 was achieved using a liquid chromatography-mass spectroscopy (LC-

MS) technique with an Agilent 6545 Accurate-Mass Q-TOF LC/MS walk-up system. 

 

5.2.3 Formation of Pd@PIM-EA-TB 

A Nylon mesh substrate was introduced to study the catalytic activity of catalysts. A disk of 

8 mm diameter Nylon mesh was coated with approximate 20 µg PIM-EA-TB film by drop-

casting chloroform solution. Then the coated disk was immersed in 5 mM PdCl4
2- in 1 M 

HCl for 1 h for protonation of PIM-EA-TB and absorbing the PdCl4
2- anion into the 

microporous polymer host. The characteristic colour of yellow 29 is visible after the 

absorbing process. Next, the disk was immersed in a fresh 5 mg mL-1 NaBH4 aqueous 

solution for 20 h to carry out the reduction process in a refrigerator (4 °C). The colour of the 

disk changed to dark after reduction (see Figure 5.2). 
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Figure 5.2 Schematic illustration of a Nylon mesh substrate that is coated with PIM-EA-TB 

and then exposed to PdCl4
2− followed by rinsing with water and reduction by NaBH4 to 

produce Pd nanoparticles immobilised in PIM-E-ATB host (evidenced by dark colour). 

 

The morphology and elemental distribution of the resulting Pd@PIM-EA-TB coated Nylon 

mesh were evaluated by scanning electron microscopy (SEM) and energy-dispersive X-ray 

spectroscopy (EDX). White regions in Figure 5.3A are consistent with regions of more Pd 

metal deposits accumulated (Figure 5.3C) owing to a higher polymer loading. PIM-EA-TB 

deposit appears to be higher at Nylon thread intersections caused by capillary forces during 

evaporation of the deposition solution. Palladium is observed as uniformly sized 

nanoparticles embedded in PIM-EA-TB. 

 

 

Figure 5.3 Scanning electron microscopy (SEM) images (A, B) and energy-dispersive X-

ray spectroscopy (EDX) elemental mapping analysis (C) for Pd@PIM-EA-TB coated Nylon 

mesh. 

 

Samples of Pd@PIM-EA-TB were ultrasonicated in isopropanol to separate the polymer 

from the Nylon substrate. Then the suspension was deposited onto transmission electron 

microscopy (TEM) grids to examine the distribution and sizes of Pd nanoparticles. Figure 

5.4 presents typical results for Pd-immobilised PIM-EA-TB. Particle size analysis indicates 

a 3.2 ± 0.2 nm diameter of Pd. 
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Figure 5.4 Transmission electron microscopy (TEM) images for Pd@PIM-EA-TB. (A) Pd 

nanoparticles with a mean size of 3.2 ± 0.2 nm evenly distributed in PIM-EA-TB (inset: size 

distribution of Pd nanoparticles). (B) Higher magnification image with a mean Pd particle 

size of 3.4 nm. (C) High-resolution image showing the (111) crystal facet of Pd. 

 

5.2.4 Formation of Nano-PdAu@PIM-EA-TB 

The spontaneous gold electroless deposition on palladium is coupled with oxygen evolution 

from water driven by the high Au3+/Au standard potential of +1.257 V vs. SCE 30,31. Gold 

deposition can be readily completed by immersion of the Pd@PIM-EA-TB coated Nylon 

disks into 5 mM KAuCl4 in 10 mM phosphate buffer solution (at pH 7 for 20 h). The 

presence of gold is verified by SEM images and EDX mapping results in Figure 5.5. Gold 

grows in the region where palladium plays the role of nucleation site. 

 

Figure 5.5 SEM images with different magnifications (A-C) and EDX elemental mapping 

analysis (D) for Pd/Au@PIM-EA-TB coated nylon mesh. 

 

Samples of Pd/Au@PIM-EA-TB were investigated in TEM to obtain more detailed 

information about gold deposition. Figure 5.6 reveals a region where gold dominates over 

palladium. Gold samples are typically grown into bigger aggregates. Phase analysis of the 
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selected area electron diffraction (SAED) pattern in Figure 5.6B and d-spacing of 0.239 nm 

in Figure 5.6D verify the presence of crystalline gold. 

 

 

Figure 5.6 TEM analysis for Pd/Au@PIM-EA-TB. (A) Au particles separated by 

ultrasonication. (B) Selected area electron diffraction (SAED) pattern with Au indexing. (C) 

Higher magnification of Au particles. (D) High-resolution image showing d-spacing of 0.239 

nm indexed to (111) facet of Au. (E) Fast Fourier transform (FFT) diffraction pattern of (D). 

 

Figure 5.7 shows regions where both gold and palladium nanoparticles are present side-by-

side. Gold nanoparticles with a typical size of 10 to 35 nm are present, which are larger than 

the palladium. Some palladium nanoparticles are not attached to or modified by gold which 

may affect the overall activity of the Pd/Au@PIM-EA-TB catalyst. 
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Figure 5.7 TEM images for Pd/Au@PIM-EA-TB: bigger Au particles (with a size of 10 to 

35 nm intergrown into bigger aggregates) attached to small Pd nanoparticles (size of 

approximate 3.2 nm). 

 

5.2.5 Clark Probe Measurements 

The consumption of oxygen and generation of hydrogen were monitored in situ by a 

commercial Clark sensor. The core of the Clark probe is an electrochemical cell inside the 

cap where Pt acts as the working electrode, Ag/AgCl is the reference and counter electrode, 

and concentrated KCl solution is the electrolyte (see Figure 5.1A). The Pd@PIM-EA-TB or 

Pd/Au@PIM-EA-TB coated Nylon disks were fixed onto the Teflon membrane of the probe 

(by additional Nylon stripes and rubber ring). By immersing the Clark probe in solution, the 

oxygen transport from the solution (through Teflon membrane) and hydrogen flux formed 

on the catalyst into the sensor can be detected under different applied potentials. The oxygen 

was monitored at -0.7 V vs. Ag/AgCl, and the hydrogen flux was performed at + 0.6 V vs. 

Ag/AgCl 25,32. The Nylon substrate offers the space for the diffusion of gases and provides 

a convenient way in terms of reuse and reproducibility. 

 

5.2.6 Quantification Measurements of Hydrogen Peroxide by LC-MS 

The quantification of H2O2 generated by catalysts was achieved indirectly based on the 

reaction between para-nitrophenylboronic acid and H2O2 under alkaline conditions 33. 

Instead of using a colourimetric assay often employed in other studies, a more powerful LC-

MS technique is applied. The reaction to generate the para-nitrophenol product is 

demonstrated as Equation 5.4. 
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(5.4)

 

The product of para-nitrophenol was separated and quantified by LC-MS analysis. 

Compared to UV-vis spectrometry, LC-MS technique gives lower detection range (2 µM in 

this case). The standard calibration curve (see inset of Figure 5.8A) for a range of H2O2 

concentrations was generated following the procedures: a volume of 100 µL H2O2 solution 

with concentrations ranging from 2 to 500 µM was mixed with 1 mL of 100 µM para-

nitrophenylboronic acid in 10 mM carbonate buffer solution (pH 9 in 10% DMSO and 90% 

of water solvent) and kept in the dark for 1 h, followed by dilution to 1/50 of the 

concentration with 10% DMSO/90% water and submission to LC-MS system. For the 

detection of H2O2 generated by catalysts, the sample solution was pre-adjusted to pH 9 by 

adding Na2CO3 powder before commencing the analysis procedures. 

LC-MS analyses were performed on an Automated Agilent QTOF (Walkup) used with 

HPLC (4 chromatography columns) and variable wavelength detector (Agilent QTOF 6545 

with Jetstream electrospray ionisation (ESI) spray source coupled to an Agilent 1260 Infinity 

II Quat pump HPLC with 1260 autosampler, column oven compartment, and variable 

wavelength detector). Compound chromatograms (Figure 5.8A) and mass spectrum (Figure 

5.8B) of para-nitrophenol can be extracted from the analysis results processed in Qual B 

07.00 and Quant 10.0 software. The responses of the calibration curve were generated from 

the peak integration of the chromatograms located at 4.05 min acquisition time. 
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Figure 5.8 Liquid chromatograms (A) and mass spectrum (B) of the product para-

nitrophenol compound. Inset in (A): calibration curve of H2O2 concentration ranging from 2 

to 500 µM. The response here is the area under the chromatogram at 4.05 min acquisition 

time. 

 

5.3 Results and Discussion 

5.3.1 Clark Probe Evidence for Oxygen Consumption and Hydrogen Production from 

Formic Acid at Pd@PIM-EA-TB 

By attaching Pd@PIM-EA-TB on Nylon substrate to the Teflon surface of a Clark probe, 

the detection of oxygen consumption (lowering the flux of oxygen into the Clark sensor) and 

hydrogen production (inducing the flux of hydrogen into the Clark sensor) can be achieved. 

Figure 5.9(A) shows the current-time transient results of oxygen detected at -0.7 V vs. 

Ag/AgCl in different formic acid solutions. Without the addition of formic acid, the Clark 

probe equilibrates to approximate -0.35 µA after 5 min. This value is consistent with 

previous reports 27, representing the oxygen flux from the solution through the Nylon mesh 

and the Teflon sensor membrane to the underlying platinum electrode. Typically, it takes 

about 2 to 5 min to get the equilibration state (quasi steady state) in this case, despite the fact 

that additional catalytic reactions might slow the equilibration process. The relation between 
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oxygen response and formic acid concentration is plotted in Figure 5.9(B). Around half of 

the oxygen flux is consumed in 2 mM formic acid, whilst almost all oxygen flux is lost 

locally at the catalyst in 4 mM formic acid. 

 

 

Figure 5.9 Evaluation of oxygen consumption and hydrogen production on Pd@PIM-

EA-TB catalyst by a Clark sensor. (A) Clark probe oxygen current-time transients (-0.7 V 

vs. Ag/AgCl applied voltage) in water, 0.5 mM, 2 mM, and 4 mM HCOOH. (B) A plot of 

the approximate Clark probe oxygen responses versus HCOOH concentration. (C) Clark 

probe hydrogen current-time transients (+ 0.6 V vs. Ag/AgCl applied voltage) in 0.5 to 200 

mM HCOOH. (D) A plot of the approximate Clark probe hydrogen response versus HCOOH 

concentration (error bars estimated ± 20%) in ambient condition (grey square plot) and argon 

(green round plot). (E) Schematic illustration of catalytic reactions at Pd@PIM-EA-TB. (F) 

Illustration of fluxes to and from the Nylon disk with catalyst. 

 

When exploring the effect of formic acid concentration on hydrogen generation (see Figure 

5.9C), a “switch-on” transition is observed at approximately 10 mM formic acid. Higher 

formic acid contents induce a plateau in the current response, probably linked to saturation 

of the solution with hydrogen. The Clark sensor current responses generated from high 
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formic acid concentrations are consistent with the data from hydrogen-saturated solution by 

intentional gas bubbling 27. Similar results of hydrogen production are obtained from argon 

purged formic acid solutions (green plot in Figure 5.9D), which confirms the observation 

that most oxygen in higher than 2 mM formic acid solution is consumed during the catalytic 

reaction processes. A reaction scheme is suggested (see Figure 5.9E) as the Pd@PIM-EA-

TB catalyst driving the reaction between oxygen and formic acid to produce hydrogen, 

hydrogen peroxide, and carbon dioxide. 

Supplementary experiments with bare Nylon mesh showed no evidence of background 

catalytic activity. The contrast experiment was carried out on a Pd immobilised Nylon mesh 

using the same sample preparation procedure without applying PIM-EA-TB material. The 

experiment with palladium-modified Nylon leads to negligible activity. Therefore, the 

microporous PIM-EA-TB is essential in binding PdCl4
2- and accommodating guest Pd 

nanoparticles without impeding the catalytic activity. The microchannels of the host polymer 

may provide additional effects on reactant and product transport. Fundamentally, the 

catalytic reactions on the Pd catalyst can be tentatively proposed as oxygen consumption 

(processes 1 and 2, see Equations 5.1 and 5.2) and hydrogen production (process 3, see 

Equation 5.3).  

To unravel the processes at the catalyst, attention needs to be paid to the fluxes to/from the 

Nylon disk (see Figure 5.9F). The overall oxygen flux diffused from bulk solution can be 

dissected into two parts: reactive flux at the catalyst and flux into the Clark sensor. For the 

reactive oxygen flux density of Process 1 (in mol m-2 s-1), an expression rate (Process 1) = 

ΦProcess 1 = k1 [HCOOH] [O2], in which k1 (in mol-1 m4 s-1) denotes the apparent rate constant 

for the surface catalytic process within the Pd@PIM-EA-TB catalyst. The oxygen flux 

density (in the same unit mol m-2 s-1)  in the quiescent solution can be estimated as Φoxygen 

transport = Doxygen [O2] / δ, where the diffusion coefficient for oxygen is approximately 

Doxygen = 3 × 10-9 m2 s-1 34, the bulk concentration of oxygen at room temperature is [O2] = 

0.2 mol m-3 34, and the diffusion layer thickness of natural convection in aqueous media is 

about δ = 0.5 mm. Therefore, the resulting flux density for the diffusion oxygen is Φoxygen 

transport = 1.2 × 10-6 mol m-2 s-1. When oxygen is consumed without entering the Clark sensor, 

in this case [HCOOH] = 4 mM, the flux density of Process 1 (ΦProcess 1) can be considered 

the same as the diffusion of oxygen (Φoxygen transport). Thus, the apparent rate constant can be 

estimated from Φoxygen transport ≈ ΦProcess 1 = k1 [HCOOH] [O2] as k1 = 1.5 × 10-6 mol-1 m4 s-1. 
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This rate constant describes the consumption of oxygen under the conditions of this 

experiment for a given Galvani potential. 

For hydrogen generation, hydrogen saturation in solution takes place at 

[HCOOH] = 100 mol m-3 (see Figure 5.9C), which can be applied to determine reaction rates. 

The flux density of Process 3 is formally rate (Process 3) = ΦProcess 3 = k3 [HCOOH], where 

k3 can be estimated at the point of hydrogen saturation (i.e. insufficient diffusion of hydrogen 

away from the Clark sensor). The flux density of hydrogen is Φhydrogen transport = Dhydrogen [H2] 

/ δ with Dhydrogen = 9 × 10-9 m2 s-1 35, and [H2] being the saturation concentration of 

0.74 mol m-3. Consequently, by connecting flux density for hydrogen and the formal rate of 

Process 3, Φhydrogen transport = ΦProcess 3 = k3 [HCOOH] gives the apparent rate 

constant k3 = 1.3 × 10-7 m s-1. The rate for Process 2 needs to be discussed based on H2O2 

quantification results. 

When testing the catalyst durability in high concentration (higher than 0.2 M) formic acid 

for hydrogen production, reduced performance was observed upon going back to lower 

concentrations. Deterioration of Pd catalyst in a high concentration of formic acid has been 

linked to poisoning 36, but no specific mechanism has been allocated. 

 

5.3.2 Clark Probe Evidence for Oxygen Consumption and Hydrogen Evolution from 

Formic Acid at Pd/Au@PIM-EA-TB 

When electrolessly depositing gold on palladium catalyst (denoted Pd/Au@PIM-EA-TB), a 

new reactivity pattern turns up. The modified Pd is likely to follow a similar pattern when 

interacting with formic acid to give carbon dioxide, protons, and electrons, whereas the 

electrons can flow into the larger gold, as illustrated in Figure 5.10E. Gold is known to drive 

the reduction of oxygen to form hydrogen peroxide under mild conditions 37. The Pd/Au 

composition works as a bipolar catalyst.  

The typical Clark probe oxygen removal data (at -0.7 V vs. Ag/AgCl) generated at 

Pd/Au@PIM-EA-TB catalyst from different concentrations of formic acid are presented in 

Figure 5.10A. The plot of the current response against formic acid concentration (Figure 

5.10B) demonstrates that about half of the oxygen is consumed at approximate 20 mM 

formic acid. Total removal of oxygen happens at about 40 mM formic acid. Substitution of 

[HCOOH] = 40 mM into the flux expression gives a Process 1 rate constant k1 ≈ 1.5 × 10-
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7 mol-1 m4 s-1, an order of magnitude lower than that for Pd@PIM-EA-TB catalyst. The 

drastic decrease in the rate of reactivity is caused by the lower availability of palladium 

surface and a less negative Galvani potential generating on Pd/Au catalysts. 

 

 

Figure 5.10 Evaluation of oxygen consumption and hydrogen production on 

Pd/Au@PIM-EA-TB catalyst by a Clark sensor. (A) Clark probe oxygen current time 

transients in water, 2 mM, 4 mM, 10 mM, 20 mM, 40 mM, and 100 mM HCOOH. (B) A 

plot of the approximate Clark probe oxygen response versus HCOOH concentration (error 

bars estimated ± 20%). (C) Clark probe hydrogen current time transients in 2 to 1000 mM 

HCOOH. (D) A plot of the approximate Clark probe hydrogen response versus HCOOH 

concentration (error bars estimated ± 20%). (E) Schematic illustration of catalytic reactions 

at Pd/Au@PIM-EA-TB. 

 

Correspondingly, hydrogen generation is severely suppressed. Hydrogen production data 

from different formic acid concentrations are shown in Figure 5.10C. Even at a high 

concentration of 1 M formic acid, the flux or rate of hydrogen generation remains low, 
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probably due to kinetic restraint. The lowered hydrogen production rate is linked to 

considerable deactivation of the palladium in Pd/Au@PIM-EA-TB. The overall catalytic 

efficiency towards hydrogen production at Pd/Au@PIM-EA-TB is suppressed to 

approximately 1% of that observed without gold. In contrast, one would expect that the 

production of another key intermediate, H2O2, in the reduction of oxygen (see Process 1) is 

promoted during the whole catalytic process. Thus, the production of H2O2 is monitored and 

discussed next. 

 

5.3.3 Evidence for Hydrogen Peroxide Formation from Oxygen and Formic Acid 

The quantification of H2O2, the product of the catalytic Process 1, is achieved based on the 

reaction of para-nitrophenylboronic acid to para-nitrophenyl (see experimental). The 

detection of para-nitrophenyl by the LC-MS technique indirectly provides a calibration 

range from 2 to 500 µM H2O2. In this case, the bulk concentration of H2O2 is probed and 

further employed to estimate the flux towards the Nylon disk catalyst. Experiments are 

carried out under stirring, so the rate of mass transport to the Nylon disk could be considered 

as enhanced approximately by 20 times that of quiescent solutions at the Clark sensor 

(assuming an order of magnitude increase in mass transport and access to both sides). 

Figure 5.11A shows the production of H2O2 as a function of reaction time. The catalytic 

reaction between 2 mM formic acid and approximate 0.2 mM oxygen (in ambient 34) at 

Pd@PIM-EA-TB under stirring gives a gradual and approximate linear increase in H2O2 

production over time. Approximately 20 µM H2O2 is produced after 2 h of reaction in a 

volume of 10 cm3 stirred solution. The gradual increase trend over time agrees with the 

gradual transport of H2O2 from the Nylon disk to bulk. Figure 5.11B presents the  

H2O2 production at 2 h reaction time versus formic acid concentration (in 2 cm3 stirred 

solution). The flux density of H2O2 can be determined as ΦProcess 1 = [H2O2]V/(At), where V 

is the volume of the reaction solution, A is the surface area of the catalyst (8 mm diameter 

Nylon disk providing 5×10-6 m2), and t is the reaction time. So the point of the highest 

H2O2 production rate with 2 mM formic acid gives the flux density of ΦProcess 1 = 1.1 × 10-

7 mol m-2 s-1, which is much lower than the anticipated oxygen flux density of Φoxygen 

transport = 2.4 × 10-5 mol m-2 s-1 under these conditions (assumed 20 times higher of the flux to 

the Clark sensor). The catalytic reaction of Process 1 must be significantly affected by the 

degradation of H2O2, as depicted in Process 2. 
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When the formic acid concentration increases to 4 mM, the H2O2 yield reduces again, as 

shown in Figure 5.11B. The reason can be suggested as the ability of Pd nanoparticles to 

reduce H2O2 to H2O. The oxygen flux towards the Nylon disk is sufficient, whereas locally 

inside PIM-EA-TB, the increase of formic acid from 2 mM to 4 mM leads to more reduction 

of H2O2 to H2O. 

 

 

Figure 5.11 Quantification of H2O2 produced at Pd@PIM-EA-TB or PdAu@PIM-EA-

TB from oxygen and formic acid. (A) A plot of H2O2 concentration as a function of time 

(one Nylon disk modified with Pd@PIM-EA-TB in 10 mL stirred solution) for 2 mM formic 

acid concentration. (B) A plot of H2O2 concentration after 2 h reaction (one nylon disk 

modified with Pd@PIM-EA-TB in 2 mL stirred solution) as a function of formic acid 

concentration. (C) A plot of H2O2 concentration as a function of time (one Nylon disk 

modified with Pd/Au@PIM-EA-TB in 10 mL stirred solution) for 10 mM formic acid 

concentration. (D) A plot of H2O2 concentration after 2 h reaction (one Nylon disk modified 

with Pd/Au@PIM-EA-TB in 2 mL stirred solution) as a function of formic acid 

concentration (error bars based on variations in catalyst disks and Clark probe responses 

estimated ± 20%). 
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Figure 5.11C shows how H2O2 is produced as a function of time for Pd/Au@PIM-EA-TB 

catalyst in 10 mM formic acid. The comparison with data in Figure 5.11A indicates 

approximately 5 times higher H2O2 yield, consistent with 5 times higher amount of formic 

acid. Figure 5.11D shows the effect of formic acid concentration on H2O2 production at 2 h 

reaction time. An order of magnitude increase in H2O2 production is observed with the 

presence of gold. From the result with 10 mM formic acid, the approximate H2O2 flux 

density at the Nylon disk can be estimated as ΦProcess 1 = 1.0 × 10-7 mol m-2 s-1. The H2O2 

production further rises with higher formic acid concentration and reaches a plateau with 

ΦProcess 1 = 2.2 × 10-6 mol m-2 s-1. This value is still low compared to the predicted oxygen 

flux (Φoxygen transport = 2.4 × 10-5 mol m-2 s-1); thereby, oxygen transport improbably affects 

H2O2 production significantly. A steady state is signified when the formic acid concentration 

is high, meaning that the process is independent of formic acid concentration. That implies 

the H2O2 generation (see Process 1) and consumption (see Process 2) presenting the same 

reaction rate. Therefore, a combination of the rate expressions for Process 1 (ΦProcess 1 = 

k1[HCOOH][O2]) and Process 2 (ΦProcess 2 = k2[HCOOH][O2]) for the case of high formic 

acid concentration gives that k1/k2 = [H2O2]/[O2]. Given that  k1 = 1.5 × 10-7 mol-1 m4 s-1 and 

[H2O2] = 0.4 mM and [O2] = 0.2 mM, the apparent rate constant is k2 = ½ k1 = 0.75 × 10-

7 mol-1 m4 s-1 for the case of Pd/Au@PIM-EA-TB. Despite the considerable H2O2 generation 

under these conditions, it could be further enhanced by changing the oxygen content in the 

solution. 

Further investigations were carried out on the reactivity of Pd/Au@PIM-EA-TB for 

hydrogen peroxide production. Figure 5.12A presents the data for comparing a single Nylon 

disk with double Nylon disks in a stirred solution. Perhaps surprisingly, the production of 

H2O2 is raised at short times (for low H2O2 concentration). However, doubling the catalyst 

amount seems trivial for reaction times longer than 1 h. A change in the amount of catalyst 

can alter the apparent rate constants k1 and k2, but not the ratio of k1/k2, which is the indication 

of the long-term steady state concentration of H2O2. In other words, for a longer reaction 

time or higher formic acid concentration, the same limiting concentration [H2O2]lim is 

produced independently of the catalyst amount. 
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Figure 5.12 Reactivity of Pd/Au@PIM-EA-TB for H2O2 production. (A) A plot of 

H2O2 concentration formed at Pd/Au@PIM-EA-TB in the presence of 10 mM formic acid 

as a function of time. Data sets for one Nylon disk (black) and two Nylon disks (grey) 

modified with Pd/Au@PIM-EA-TB in a 10 cm3 stirred solution. (B) A plot of 

H2O2 concentration formed at Pd/Au@PIM-EA-TB in the presence of 10 mM formic acid 

as a function of time. Data sets for 0.2 mM oxygen (black) and 1 mM oxygen (green) for 

one Nylon disk modified with Pd/Au@PIM-EA-TB in a 10 cm3 stirred solution. (C) A plot 

of H2O2 concentration formed at Pd/Au@PIM-EA-TB in the presence of 10 mM formic acid 

at 1 h reaction time for repeat experiments (one Nylon disk modified with Pd/Au@PIM-EA-

TB in 2 cm3 stirred solution) (error bars based on variations in catalyst disks and Clark probe 

responses estimated ± 20%). 

 

Figure 5.12B shows the effect of oxygen concentration dissolved in the solution. The data 

were collected from oxygen in ambient (approximate 0.2 mM) and saturated condition 

(approximate 1.0 mM). A significant enhancement of H2O2 production is observed only 

during the initial 30 min with values converging against reaction time. The data trend is very 

similar over a period of 150 min reaction, although the final value of [H2O2]lim could be 

higher with the saturated oxygen case. Finally, Figure 5.12C demonstrates the possibility of 

reusing the catalyst. Using Nylon disk substrates makes it easy to refresh the catalyst by 

taking it out from the solution and rinsing it with water. The yield of H2O2 remains 

approximately constant over 6 sequential experiments of repeating the detection from 10 

mM formic acid solution for 1 h each. 

The catalytic generation of hydrogen peroxide on a bipolar Pd/Au@PIM-EA-TB catalyst 

can be dissected as individual redox processes presuming Tafel law effects on kinetics 

connected to the Galvani potential on the nano-catalysts. The apparent rate constants under 

specific reaction conditions depend on the potential, similar to heterogeneous transfer rate 

constants. Based on this hypothesis, the scheme for the case of spontaneous oxidation of 

formic acid on palladium catalyst is illustrated in Figure 5.13A. Specifically, the hydrogen 

is spontaneously generated on palladium catalyst from formic acid and then oxidised to 

protons. The rate for this process is Galvani potential dependent followed Tafel law. The 
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oxidation rate increases with potential as designated as a line. Also presented is the process 

for the reduction of oxygen to water on palladium. The intersection indicates the operational 

potential during catalysis under a specific condition (i.e. a given concentration of reagents). 

Figure 5.13B shows the effect of oxygen depletion. As oxygen is consumed, the oxygen 

reduction slows down, and the intersection point ① moves along the line approaching point 

②. Point ② is the intersection of hydrogen oxidation and proton reduction processes, 

denoting the equilibrium potential for H+/H2 at more negative potentials. 

 

 

Figure 5.13 Schematic illustration of the effect of the Galvani potential on the reaction 

rate. (A) Oxidation of formic acid and reduction of oxygen leads to a mixed potential on 

Pd. (B) On Pd oxidation of formic acid and reduction of oxygen form mixed potential ① 

and after depletion of oxygen, the potential shifts to ②. (C) On Pd/Au oxidation of formic 

acid on Pd leads to a mixed potential for reduction of O2 on Pd ①, then reduction of O2 to 

H2O2 on Au ②, then reduction of H2O2 on Au ③, and, finally, reduction of protons to 

hydrogen ④. 
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The processes on the bipolar Pd/Au@PIM-EA-TB nanoparticles are discussed in Figure 

5.13C. Initially, the catalyst operates at potential ① where oxygen reduction to water 

dominates on palladium. As oxygen is depleted, the potential alters to point ② where oxygen 

reduction to hydrogen peroxide on gold occurs. Point ② represents the optimum operating 

conditions as further oxygen depletion pushing the Galvani potential more negative where 

hydrogen peroxide diminishes again at ③. So, for a high hydrogen peroxide yield, the 

oxygen reduction to water on Pd at point ① should be suppressed by adjusting the ratio of 

Pd to Au surface area; the hydrogen peroxide production process on Au at point ② needs to 

be optimised by contributing high Au surface area; the reagent (formic acid) concentration 

could be chosen to keep the operational potential of Pd/Au@PIM-EA-TB close to point ②. 

The rigid micropores in PIM-EA-TB likely play a role in the mass transport of reagents 

(HCOOH, O2, H2O2) in the case presented here, which could affect the results. A published 

work demonstrated that up to 56 mM H2O2 was produced on a PdAu catalyst directly from 

hydrogen and oxygen gas. The yields of H2O2 presented in this chapter are two orders of 

magnitude lower and could be promoted with more optimisations. 

 

5.4 Conclusions 

Nano-catalysts of Pd and Pd/Au are immobilised in the microporous host PIM-EA-TB. Both 

catalysts were demonstrated to consume oxygen and produce hydrogen in the presence of 

formic acid, evidenced by a Clark sensor. The catalyst of Pd nanoparticles is effective in 

generating hydrogen, whilst Pd/Au is more active in producing H2O2. High concentrations 

of formic acid (> 0.2 M) cause deterioration of the Pd catalyst. 

Compared to Pd catalyst, Pd/Au catalyst produces a higher amount of hydrogen peroxide 

with only a minimal hydrogen generation even at a high formic acid concentration. This 

could be rationalised as electron transport from Pd to Au, making the Galvani potential on 

Pd/Au catalyst less negative while operating. The electrons generated on Pd where formic 

acid reacts are transferred to Au. And oxygen is reduced to make hydrogen peroxide on Au. 

The functions of the intrinsically microporous polyamine, PIM-EA-TB, during the catalytic 

reaction can be summarised as (i) providing the microporous environment ( with amine 

groups) for binding PdCl4
2-  and incorporating Pd catalyst; (ii) allowing the deposition of 

nano-Au attached to Pd seeds; (iii) permeation of reactants and products; (iv) making it 
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possible to reuse and recover the catalysts. It is worth noting that the tertiary amine functional 

group in PIM-EA-TB may also affect the catalytic process when permeating reaction 

intermediates. Further works could be emphasized on modifying the host polymer structure 

(to enhance the permeation and selectivity towards intermediates) and adjusting Pd to Au 

ratio (to suppress degradation of H2O2) in terms of higher hydrogen peroxide yield. 
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Chapter Abstract 

Palladium nano-catalysts with a typical size of 3 nm in diameter are embedded in a polymer 

of intrinsic microporosity PIM-EA-TB (denoted as Pd@PIM-EA-TB). These catalysts are 

revealed to indirectly drive the colour reaction of a visualising reagent 3,5,3’,5’-

tetramethylbenzidine (TMB) in the presence of formic acid. Exploration shows that the 

overall catalytic reaction can be dissected into two processes: oxygen reduction on the 

palladium catalyst to yield H2O2, followed by homogeneous TMB oxidation. The H2O2 

formation is a first-order process with optimised conditions at approximately pH 3 to 4. 

Therefore, the H2O2 production from formic acid is investigated individually as a nanozyme-

like catalytic process analogous to formate oxidase reactivity. The molecularly rigid and 

microporous PIM-EA-TB host (structured with tertiary amine sites) enhances both (i) 2-

electron formate oxidation and (ii) 2-electron oxygen reduction to H2O2. The favourable 

effect of perchlorate anions indirectly proves the activity of amine sites. A computational 

DFT model for the formate oxidase reactivity of Pd@PIM-EA-TB is exploited to 

demonstrate and support the hypothesis of the host PIM-EA-TB as an active catalyst element.  

 

Graphical Abstract 
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6.1 Introduction 

Enzyme mimic modelling the reactivity of natural enzyme has drawn attention in 

electroanalysis 1,2, and biosensing 3. Formate oxidase, extracted from the formaldehyde-

resistant fungi Aspergillus nomius 4, can oxidise formate to carbon dioxide with molecular 

oxygen as an electron acceptor 5,6. The ability of formate detoxification is of considerable 

importance in nature during microbial degradation 7. The reactivity of formate oxidase is 

associated with hydrogen peroxide (H2O2) production via formate oxidation 4 (Equations 6.1 

and 6.2), in which the hydrogen carrying cofactor is FAD/FADH2. This type of peroxide 

generating enzymes or nanozymes 8 is of great interest since H2O2 applications vary in 

disinfection 9, biomass breakdown 10, and pollution treatment 11. 

HCOOH ⇌ CO2 + H2(cofactor) (6.1) 

O2 + H2(cofactor) ⇌ H2O2 (6.2) 

Formate oxidase reactivity in nature 12 has been discovered as a FAD (chemically modified) 

cofactor dependent process 13. It is worth noting that a more common formate dehydrogenase 

depends on NAD+/NADH 14 or a cytochrome to serve as an electron acceptor 5. Studies on 

the catalytic generation of H2O2 have been illustrated to be applicable in a wide range of 

synthetically oxidation chemistry 15. Mimicking the formate oxidase reactivity with a 

chemically robust catalyst is worth exploring. Here, the reactivity of palladium nanoparticles 

embedded in a microporous polymer host is studied towards formic acid oxidation. 

By exploring the enzyme-like reactivities of a chemically robust catalyst, palladium, the 

drawbacks of a natural enzyme, including temperature instability, difficulty in extraction, 

and high cost, can be improved. Here, palladium nanoparticles are immobilised in PIM-EA-

TB (see molecular structure in Figure 6.1) and assessed for a catalytic reaction in formic acid 

solutions. Evaluation of the catalytic reactions in terms of oxygen and hydrogen levels in the 

aqueous solutions is carried out by a Clark sensor. 

 

Figure 6.1 Molecular structure for PIM-EA-TB. 
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Palladium nanoparticles are embedded in PIM-EA-TB (or Pd@PIM-EA-TB) by absorbing 

PdCl4
2- 16 followed by borohydride reduction (detailed in Chapter 5). The Pd@PIM-EA-TB 

shows the ability to generate H2O2 at low formic acid concentrations and produce H2 at high 

formic acid concentrations. The rate of H2O2 production is sensitive to reaction conditions. 

Here, the effect of the PIM-EA-TB host on catalytic reactions is explored more closely. 

Nanozyme reactivity (mimicking formate oxidase) is demonstrated with the PIM-EA-TB 

providing cavities to accommodate palladium and being an active component with tertiary 

amine functional groups adjacent to the palladium surface. 

Nanomaterial-based artificial enzymes (or nanozymes 3,17) can effectively mimic catalytic 

sites of natural enzymes 18,19. Nanozymes have captured massive attention due to their 

tunable catalytic activities, high stability, biocompatibility, and low cost 20,21. Applications 

of nanozymes in biosensing 22,23, point-of-care diagnostics 22, food safety 24, and 

environmental analysis 25 have been achieved. Nanozymes have been reported to drive the 

3,5,3’,5’-tetramethylbenzidine (TMB) colour response 26. A nanozyme as an alternative to 

glucose oxidase has been employed with TMB colour reaction 27,28. Palladium has been 

reported as peroxidase mimetics for TMB colourimetric sensing and evaluation of 

antioxidants in fruit juices 29. 

In this chapter, palladium nanoparticles are immobilised in the molecularly rigid 

microporous polyamine (PIM-EA-TB). The Pd@PIM-EA-TB catalyst is shown to react with 

oxygen and formic acid to yield hydrogen peroxide by a single process. The catalytic process 

shows optimum reactivity at a pH range of 3 to 4. A computational DFT model is developed 

to rationalise the hydrogen peroxide process at the Pd@PIM-EA-TB catalyst and to 

consolidate the hypothesis of PIM-EA-TB as an active component during the catalytic 

reaction. The H2O2 production can be combined with processes such as the oxidative colour 

reaction of TMB. The whole reaction is optimised to accumulate oxidised coloured dye into 

a Nafion-coated substrate which could be an initial step for future applications of immune-

assay and colourimetric sensing. 
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6.2 Experimental 

6.2.1 Reagents 

Palladium(II) chloride (PdCl2, 99%), hydrochloric acid (HCl, ACS reagent, 37%), sodium 

borohydride (NaBH4, powder, 98%), formic acid (HCOOH, 96%, ACS Reagent), 3,3’,5,5’-

Tetramethylbenzidine (TMB, ≥99%), phosphoric acid (H3PO4, 85 wt.% solution, ACS 

Reagent), monosodium phosphate (NaH2PO4, 99%), sodium formate (NaCOOH, ACS 

reagent, ≥99.0%), p-nitrophenylboronic acid (≥95.0%), sodium carbonate (Na2CO3, powder, 

≥ 99.5%, ACS Reagent), Nafion (5% solution), 1-butanol (ACS reagent, ≥99.4%), and 

Whatman® nitrocellulose membrane filters (gridded white, pore size 0.45 μm) were 

purchased from Sigma-Aldrich. Acetic acid (CH3COOH, >99%) was the product of Fisher 

Scientific. Hydrogen peroxide (H2O2, ACS Reagent, 30 wt.% in H2O) and dimethyl 

sulfoxide (DMSO, for HPLC, ≥99.7%) were products from Honeywell. Sodium bicarbonate 

(NaHCO3, ≥99.7%) was bought from Fluka. PIM-EA-TB was synthesised following a 

previous method 30. Nylon mesh from 75 µm diameter Nylon was purchased from 

Amazon.com (Therpin reusable Nylon fine mesh food strainer bag, 75 µm threads, woven, 

with approximate 130 m × 130 m open holes). A Fisherbrand universal indicator pH paper 

(pH 1-14) was employed to roughly monitor the acidity of test solutions for the H2O2 

quantification experiments. Filter paper (WhatmanTM, pore size < 2 µm) was ordered from 

GE Healthcare Life Sciences. The stamp was customised online (www.getstamped.co.uk.). 

 

6.2.2 Instrumentation 

Ultra-pure water (resistivity not less than 18.2 MΩ cm at 20 °C) was taken from a Thermo 

Scientific water purification system. A pH meter (Jenway 3505) was used to monitor the pH 

of solutions. The Clark probe (HI76407) and concentrated KCl solution (HI7041S) were 

purchased from HANNA Instruments Ltd., UK. The current responses of hydrogen 

production and oxygen consumption were recorded by chronoamperometry on a potentiostat 

(Metrohm mAutolab II). A field emission scanning electron microscope (FESEM, JEOL 

JSM-7900F), a scanning electron microscope (SEM, Hitachi SU3900) and an attached 

energy dispersive X-ray analyser (170 mm2 Ultim Max EDX) were employed to characterise 

the morphologies and elemental distribution of samples. Closer magnified details of samples 

were performed on a transmission electron microscope (TEM, JEOL JEM-2100PLUS). The 
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quantification of the H2O2 product was carried out by a liquid chromatography - mass 

spectroscopy (LC-MS) technique (Agilent 6545 Accurate-Mass Q-TOF LC/MS system). 

 

6.2.3 Nylon disk substrates for catalysts 

The preparation of the Pd@PIM-EA-TB catalyst on a Nylon mesh is the same as in Chapter 

5 (see section 5.2.3 for details). 

 

Figure 6.2 (A) Scanning electron microscopy image (SEM, back scatter mode) and EDX 

mapping for C, O, N, and Pd. (B) Field emission scanning electron microscopy (FESEM) 

images of the Pd@PIM-EA-TB coated Nylon fibre with 5 nm sputter coated chromium to 

suppress charging. 

 

Figure 6.2A represents the SEM images and corresponding EDX elemental distribution for 

the sample of Pd@PIM-EA-TB coated Nylon. Comparison between the location of Nylon 

mesh and nitrogen distribution shows consistency, meaning PIM-EA-TB film uniformly 

coated on the Nylon substrate. Also presented is Pd distributed where PIM-EA-TB appears, 

revealing uniformly distribution of nanoparticles immobilised in PIM-EA-TB. The 

morphology results from FESEM are shown in Figure 6.2B. The film on the Nylon substrate 

is assembled by some small particles (tens of nanometres), which are likely to be the 

aggregation of polymer during coating. 

The size and distribution of Pd nanoparticles in the polymer film are measured by TEM. 

Samples were sonicated in isopropanol in order to isolate Pd@PIM-EA-TB from the Nylon 

substrate. Results in Figure 6.3 show that the mean particle size of Pd is approximately 3.0 

± 0.1 nm. Nanoparticles are uniformly embedded in the polymer host. 
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Figure 6.3 Transmission electron microscopy (TEM) images for Pd@PIM-EA-TB. (A) Pd 

nanoparticles distributed in PIM-EA-TB. (B, C) Higher magnification images show particles 

with a mean size of 3.0 ± 0.1 nm (insets: size distribution of Pd nanoparticles). (D) High-

resolution image showing d-spacing of 0.22 nm indicating the (111) crystal facet of Pd. 

 

6.2.4 Hydrogen Peroxide Detection 

The hydrogen peroxide quantification method is the same as the process described in Chapter 

5. Briefly, the stoichiometric reaction of H2O2 with p-nitrophenol boronic acid in alkaline 

conditions produces p-nitrophenol. By quantifying the product of p-nitrophenol in the LC-

MS system, the concentration of H2O2 can be indirectly worked out. 

 

6.2.5 Colorimetric Assay Based on TMB 

All colourimetric assays base on TMB were performed in the dark at room temperature. The 

reagents (TMB, HCOOH/HCOONa, HCl, HClO4, Pd@PIM-EA-TB coated Nylon catalyst) 

were placed in glass vials (typically 10 mM HCOOH, pH 3.75, 580 µM TMB, 33% DMSO, 
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with a solution volume of 3 mL in total). Reaction solutions were only put under light for 

quick photographs at a specific reaction time. 

The TMB colour response was amplified by accumulation onto a Nafion-coated filter paper 

strip. Specifically, the filter paper was cut into a strip (7 × 1.8 cm2). The Nafion coating was 

achieved by stamping a solution of 100 µL with a mixture of 80 wt% Nafion and 20 wt% 1-

butanol. 

 

6.2.6 Computational details 

A spin-polarised density functional theory (DFT) calculation was developed using the 

Vienna Ab initio Software Package (VASP 31) to study the HCOOH decomposition and 

H2O2 formation on Pd particles in the presence and absence of PIM-EA-TB. In order to get 

an optimum trade-off between an accurate physical model and computational costs, the 

model considers the most stable palladium surface, Pd(111), and an active PIM-EA-TB 

fragment based on a monomeric unit. The exchange-correlation contributions were 

calculated using the generalized gradient approximation (GGA) with the revised functional 

of Perdew-Burke-Ernzerhof (RPBE 32). The core electrons were described using the 

Projected Augmented Wave (PAW) formalism 33, and a kinetic energy cut-off of 450 eV 

was chosen for the valence electron plane-wave basis set. The Brillouin zone was sampled 

with a k-spacing of 0.2 Å-1. The convergence criteria were set to -0.03 eV Å-1 for the ionic 

and 10-5 eV for the electronic threshold. The zero-damping Grimme’s empirical correction 

(D3) accounted for the long-range dispersion interactions. 34 Appropriate dipole corrections 

were used perpendicular to the surfaces upon molecular adsorptions. The solvent effect of 

water was calculated by an implicit polarised continuum model (PCM), which describes the 

interaction between a solvent and a solute in plane-wave DFT 35,36 without adding explicit 

water molecules to the model. 
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Figure 6.4 Schematic representation of the PIM-EA-TB fragment on its most favourable 

adsorption configuration on a p(5×5) Pd(111) supercell. Distances are given in Å. Grey, 

brown, pale blue, and white balls indicate Pd, C, N and H atoms, respectively. 

 

A slab model is applied to indicate the Pd surface with a thickness of 5 atomic layers, the 

bottom 3 layers frozen at the optimised solid lattice, and the top 2 layers free to relax in any 

direction. For the case of absorbed PIM-EA-TB fragment, the Pd supercell dimension of 

p(5×5) is used, whilst a p(3×3) is applied for the case of bare Pd. A vacuum of 15 Å 

perpendicular to the surface was added to eliminate the interaction between periodic images. 

Two configurations of PIM-EA-TB fragment absorption on Pd(111) with the ring parallel 

and perpendicular to the Pd surface have been tested (see Figure 6.5). The configuration with 

the ring parallel to the Pd surface (Figure 6.4) appears to be an interaction of 0.61 eV, more 

stable than the perpendicular one. Additionally, isolated molecules are placed in an 

asymmetric position far enough to cause any spurious interaction with periodic images. 
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Figure 6.5 Schematic representation of the PIM-EA-TB fragment adsorbed on Pd(111). a 

and b show side view of the two configurations tested in a p(3×3). c and d show the top 

view of a and b including the simulation unit cell as the black frame. Grey, brown, pale blue 

and white balls indicate Pd, C, N and H atoms respectively. 

 

The adsorption energies (Eads) are calculated based on Equation 6.3, where Esystem is the 

energy of the adsorbate on the slab, Eslab and Emolecule are the energy of the clean surface 

(without PIM-EA-TB) and the energy of the isolated adsorbate.  

𝐸ads = 𝐸system − (𝐸slab + 𝐸molecule) (6.3) 

The reaction energy of each reaction step (ER) is defined as the difference between the final 

and the initial state energies. The climbing-image nudged elastic band (CI−NEB 37,38) is 

combined with the improved dimer method to find the saddle points of the transition states 

(TS) structures, linking the minima across the reaction profile. 39 All states have been 

characterized using vibrational analysis and confirmed that only TS have a single imaginary 

frequency. The activation barrier (EA) is given by the energy difference between the initial 

and the transition state energies. All energies reported are corrected with the vibrational 

contribution at zero Kelvin, i.e., at the zero-point energy. 
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6.3 Results and Discussion 

6.3.1 Pd@PIM-EA-TB Reactivity I.: Colorimetric Evidence for Hydrogen Peroxide 

Production from Formic Acid and Oxygen 

Colourimetric assays based on TMB reactivity are usually applied in H2O2 sensing. 40 The 

fundamental mechanism of TMB reactivity has been reported 41 and can be illustrated in a 

reaction scheme 42 in Figure 6.6A. The oxidation of TMB undergoes two sequential one-

electron processes. Colourless TMB is oxidised to the TMB+• radical, which is considered 

to equilibrate and dimerise (with loss of a proton) into a blue charge transfer complex. The 

further oxidation step yields a yellow product of the diimine. The yellow product is 

commonly used to quantify the reaction after the addition of a strong acidic stop solution. 

Green colour can be observed when both the charge transfer complex and the diamine exist. 

 

 

Figure 6.6 (A) Reaction scheme for the TMB colour reaction induced by oxidation. 29 (B) 

Effect of formic acid concentration on TMB reactivity in the presence of Pd@PIM-EA-TB. 

Photographs are shown of vials with 580 µM TMB in different concentrations of formic acid 

ranging from 0 to 100 mM (stirred in the dark, 16 % DMSO to aid solubility) as a function 

of reaction time. 

 

Figure 6.6B shows the formic acid concentration effect on the TMB colour development 

over time. Note here that the function of DMSO is to dissolve TMB. The colour response 

indicates H2O2 production at the Pd@PIM-EA-TB catalyst since TMB concentration stays 

constant. Both formic acid concentration and pH can affect the reaction process. A strong 

blue colour response occurs at approximately 10 mM formic acid concentration. The Pd 

catalyst may play a role in several of the reaction steps. There are reports about Pd 43 or other 
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catalysts 44 presenting peroxidase reactivity towards the reaction of TMB with H2O2. 

However, the molecular size of TMB is considerable relative to the micropores of PIM-EA-

TB. Therefore, the permeation of TMB and relative products into the microchannels of PIM-

EA-TB seems remarkably difficult. In fact, the Pd catalysis effect for TMB oxidation can be 

excluded by the following experiments. 

The effect of solution pH has been explored (see Figure 6.7A) by employing solutions of 10 

mM HCOOH/HCOONa with varied pH values. A significant blue colour response occurs at 

pH 3 and 3.5. This result verifies that both formic acid concentration and pH influence the 

overall catalytic reaction. An acidic condition with a pH value between 3 and 4 is most 

effective. 

 

Figure 6.7 (A) Effect of pH values on TMB reactivity. Photographs of 580 µM TMB in 10 

mM HCOOH/HCOONa with a pH value ranging from 3 to 6.5 in the presence of Pd@PIM-

EA-TB (stirred in the dark, 16% DMSO) as a function of reaction time. (B) Effect of acids 

on H2O2 catalysis for TMB. Photographs of 580 µM TMB in 10 mM H2O2 in the presence 

of 10 mM formic, acetic, perchloric, phosphoric, hydrochloric acid, and 10 mM NaH2PO4 

(reaction time 2 h, no catalyst, 16% DMSO to aid solubility). (C) Illustration of the TMB 

oxidation process in the presence of Pd@PIM-EA-TB and HCOOH: Pd catalysed formation 

of H2O2 (Process I) followed by homogeneous oxidation of TMB (Process II). 
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Next, the effect of different acids on the oxidation of TMB by H2O2 is studied without the 

Pd@PIM-EA-TB catalyst. Figure 6.7B shows clear reactivity for TMB and H2O2 in formic 

acid and acetic acid solution, possibly due to the formation of peroxoformate or 

peroxoacetate. Peroxoformic acid for epoxidation reaction is generated by combining 

HCOOH and H2O2 in an equilibrium. 45,46 The oxidation reactivity of TMB by H2O2 is less 

obvious in perchloric, hydrochloric, or phosphoric acid. Although there is a weak colour 

response in NaH2PO4 (pH 4.5), the mechanism details stay unclear. These tests result 

proposes that TMB does not have to permeate through micropores to interact with the 

Pd@PIM-EA-TB catalyst to give a colour reaction. Therefore, the overall reaction can be 

dissected as two separated processes (Figure 6.7C): (Process I) the generation of H2O2 

driven by the catalyst Pd@PIM-EA-TB, and (Process II) homogeneous oxidation of TMB 

by H2O2. Next, the Process I is studied individually for the formate oxidase reactivity of 

Pd@PIM-EA-TB in the absence of TMB. 

 

6.3.2 Pd@PIM-EA-TB Reactivity II.: Formate Oxidase Reactivity 

The H2O2 production from formic acid on Pd@PIM-EA-TB is systematically investigated. 

Figure 6.8A shows that the generation of H2O2 on Pd catalyst in 20 mM HCOOH is adequate, 

and the reaction rate is constant within 3 h under stirring. The formic acid concentration 

effect (Figure 6.8B) demonstrates a “switch-on” effect at about 10 mM HCOOH, with the 

H2O2 production rate approaching a plateau at higher formic acid concentrations. Here, the 

H2O2 production reaching a plateau could be related to (i) a kinetic limit in Pd@PIM-EA-

TB due to Michaelis-Menten effects or mass transport in micropores; or (ii) the pH effect in 

the solution. Accordingly, the effect of formic acid concentration at fixed pH of 3.75 is 

explored. Data in Figure 6.8C illustrates that the H2O2 production is a first-order reaction 

which is not limited at constant pH. Consequently, the plateau in Figure 6.8B must be linked 

to the pH effect instead of kinetic. The catalytic process for H2O2 production is likely to be 

associated with the protonation of PIM-EA-TB (pKA ≈ 4 17) triggers the enhancement of the 

catalytic reaction. 
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Figure 6.8 (A) Plot of H2O2 concentration as a function of time (one Nylon disk modified 

with Pd@PIM-EA-TB in 10 mL stirred solution) for 20 mM formic acid concentration. (B) 

A plot of H2O2 concentration after 2 h reaction (one Nylon disk modified with Pd@PIM-

EA-TB in 2 mL stirred solution) as a function of formic acid concentration. (C) A plot of 

H2O2 concentration after 2 h reaction (one Nylon disk modified with Pd@PIM-EA-TB in 2 

mL stirred solution) as a function of formic acid concentration at fixed pH of 3.75. 

 

The data verifies that the Pd@PIM-EA-TB catalyst can drive H2O2 production from the 

formic acid solution, and the pH plays a considerable role in the reaction rate. The important 

processes that happen at the confined Pd catalyst here are (i) the consumption of O2, (ii) the 

production of H2O2, (iii) the formation of H2O, and (iv) the generation of H2 and CO2 from 

HCOOH (see Figure 6.9A). Both O2 consumption and H2 production can be monitored with 

a Clark sensor. 19 The configuration of a commercial Clark probe is illustrated in Figure 6.1A, 

where the catalyst coated Nylon disk is attached to the Teflon membrane outer surface. By 

applying different potentials, oxygen (-0.7 V vs. Ag/AgCl) and hydrogen (+0.6 V vs. 

Ag/AgCl) detection is achieved. 

Figure 6.9B shows data for oxygen consumption (negative, grey current data) and hydrogen 

production (positive, green current data). When testing the formate/formic acid 

concentration effect at a fixed pH of 3.75, a transition at a concentration of approximately 

10 mM is observed for both oxygen consumption (with reaching a plateau at higher 

concentrations) and hydrogen production (with enhanced production at higher 

concentrations). Oxygen is not fully consumed by the Pd@PIM-EA-TB catalyst when 

hydrogen is observed. Considering the processes at the catalyst, there probably be a balance 

of H2O2, H2O, and H2 production. In contrast to the catalysis process happening under 

stirring when the catalyst disk is floating in the solution, at the Clark sensor, the solution is 

stagnant, which means slower oxygen transport. Therefore, hydrogen production is more 

likely happening at the Clark probe instead of in the stirred solution. When detecting H2O2 
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in a stirred solution, it should ultimately cease at higher formic acid concentrations beyond 

the range (higher than 100 mM) shown in Figure 6.8C. 

 

 

Figure 6.9 (A) Schematic reactions at Pd nanoparticles. (B) Effect of concentration of 

HCOOH at a fixed pH of 3.5 on H2 and O2 levels. A plot of approximate Clark probe H2 

response (green) and O2 consumption response (grey) versus formic acid concentration at 

pH of 3.75. (C) A plot of H2O2 concentration formed at Pd@PIM-EA-TB in the presence of 

50 mM HCOOH (or HCOONa) with/without 50 mM HClO4 (or NaClO4) as a function of 

pH. Data sets for 2 mL stirred solution without ClO4
- (grey), with ClO4

- (red) after 2 h 

reaction time. (D) A plot of Clark probe H2 and O2 responses in the presence of 50 mM 

HCOOH (or HCOONa) with (red) or without (grey) 50 mM ClO4
- as a function of pH. 

 

Next, the Clark probe data for the pH effect from 50 mM formate/formic acid are presented 

in Figure 6.9D. The oxygen consumption stays relatively constant over the pH range of 2.5 

to 6.5. However, hydrogen production reaches the maximum between pH 3 and pH 4. That 

is, moderate acidity is favourable to hydrogen generation, but the solution with a pH less 

than 3 can suppress hydrogen formation. The overall occasion is complex but could be 

considered as the effect of microporous PIM-EA-TB confining the space around the 
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palladium nanoparticles. Specifically, oxygen reduction is favoured by the protonation of 

PIM-EA-TB, providing a catalytic reaction site in the vicinity of the proton. However, the 

reaction of formic acid requires binding to the amine site of PIM-EA-TB and accepting a 

proton to produce hydrogen and carbon dioxide. The presence of other anions such as 

perchlorate could affect the binding ability of PIM-EA-TB towards proton and/or formic 

acid. So, perchlorate is added to the reaction solution to probe the catalytic “cavity effects” 

of Pd@PIM-EA-TB. 

The addition of perchlorate is employed as a probe to explore the effects of the PIM-EA-TB 

protonation on catalytic formate oxidase reactivity. Perchlorate is reported to be readily 

incorporated into PIM-EA-TB during the protonation of amine sites. 47 Therefore, one would 

expect that the protonation of PIM-EA-TB will be enhanced by perchlorate, whilst the 

binding of formic acid will be suppressed. Figure 6.9C shows the effect of perchlorate on 

H2O2 production from formate/formic acid solutions with varied pH. A significant 

enhancement of H2O2 production by perchlorate occurs at pH ≤ 4, whereas a minimal 

difference is observed when the pH of the solution is greater than 4. These results are 

consistent with the fact that protonation of PIM-EA-TB occurs at pH ≤ 4. The presence of 

perchlorate results in a higher population of protonated amine sites without coordination of 

formate ions. Accordingly, the positive charge on protonated amines can promote the oxygen 

reduction into H2O2, while less bound formate leads to lower hydrogen production, as 

evidenced in Figures 6.9C and D. 

When diving into more details in the Clark probe data of hydrogen production (positive data 

in Figure 6.9D), the presence of perchlorate clearly causes suppressed hydrogen production 

in the pH range of 3 to 4. This effect of perchlorate could be a further verification of 

protonated amines in PIM-EA-TB contributing to the catalytic mechanism. Since it is 

difficult to determine the conditions in the micropores of the catalyst experimentally, a DFT 

“cavity model” analysis is employed to envisage better the catalytic reactions of H2O2 and 

H2 formation in the Pd@PIM-EA-TB catalyst. 

 

6.3.3 Pd@PIM-EA-TB Reactivity III.: Nanozyme Cavity Effects probed by DFT 

A computational DFT mechanistic study is developed at the PIM-EA-TB/Pd(111) interface 

to unravel further kinetic aspects for the H2O2 production and dehydrogenation of 

formate/formic acid. A model of the PIM-EA-TB fragment with the Pd(111) surface was 
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selected (Figure 6.4). The interaction between the PIM-EA-TB fragment and Pd surface 

shown here is discovered to be the most stable configuration with an adsorption energy of -

2.09 eV in the p(5×5) supercell. Even though both nitrogen atoms in the PIM-EA-TB 

fragment structure can be protonated, N1 (see Figure 6.4) protonation/hydrogenation is more 

favourable with protonation energy of -0.51 eV compared to that of N2 (0.16 eV more 

difficult). Note that in the DFT model, protonation is equivalent to hydrogenation with the 

electron going into the Pd slab. In fact, the formation of N1H+ is as favourable as 

hydrogenating the pristine Pd(111) surface (Eads = -0.51 eV). Therefore, the N1 is considered 

as the active amine site for both catalytic O2 hydrogenation and HCOOH dehydrogenation 

reactions. 

 

Oxygen Reduction to H2O2. The protonated amine site in the PIM-EA-TB fragment (see 

Figure 6.10a) is applied as the starting point of the simulation for the co-adsorption of 

molecular O2 on the Pd(111) surface. The molecular O2 adsorption is energetically 

favourable with Eads = -0.67 eV. As the O2 molecule reaches the protonated N1, the 

adsorption process becomes more exothermic with Eads = -0.80 eV at 2.637 Å from N1H 

(Figure 6.10b). The O-O stretching mode (νO-O) alters from 1563.4 cm-1 in the gas phase to 

918.9 cm-1 when O2 is co-adsorbed at 3.061 Å from N1H and finally gets to 865.9 cm-1 in 

intermediate b. The first hydrogenation of adsorbed O2 (Figure 6.10c) occurred after 

overcoming activation energy of 0.15 eV (ER = -0.09 eV), lowering the νO-O to 532.5 cm-1. 

The moderate acidic solution (pH 3 to 4) regenerates N1H (Figure 6.10d) upon taking 

activation energy of 0.11 eV. A slightly endothermic second hydrogenation generates H2O2. 

The adsorbed H2O2 (Figure 6.10e) shows a stretching frequency of 718.1 cm-1 and is located 

at -1.37 eV below the energy reference (i.e., PIM-EA-TB fragment, molecular hydrogen, 

and molecular oxygen). H2O2 requires energy of +0.72 eV to desorb from the PIM-EA-TB 

fragment/Pd(111) surface. The gas phase H2O2 displays an O-O distance of 1.492 Å with O-

O stretching of 890.6 cm-1, which is consistent with the benchmark (1.475 Å and 877 cm-1). 

48,49 
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Figure 6.10 Schematic representation of the key structures along the H2O2 formation (left) 

assisted by the PIM-EA-TB fragment/Pd(111) and (right) on naked Pd(111). Inset distances 

and angles are in Angstroms and degrees respectively. Grey, brown, pale blue and white 

balls indicate Pd, C, N and H atoms respectively. 

 

The computational model emphasizes on the function of PIM-EA-TB in the catalytic process; 

therefore, the case of catalysis formation of H2O2 on pristine Pd(111) has been calculated 
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using the same computational method. The optimised structures are depicted in Figure 6.10, 

labelled with critical interatomic distances and angels. The results agree well with previous 

computational reports taking into account the differences in functional and long-range 

energy contributions. 50 Table 6.1 lists and compares the energies along the reaction pathway 

with or without the presence of PIM-EA-TB. Figure 6.11 shows the energy profile of the O2 

adsorption and hydrogenation to form H2O2. 

 

Table 6.1 DFT data for activation (EA) and reaction (ER) energies for the H2O2 formation on 

PIM-EA-TB fragment/Pd(111) and on pristine Pd(111). Note that “*” indicates bound 

species. 

 PIMf/Pd(111) Pd(111) 

 EA /eV ER /eV EA /eV ER /eV 

𝑂2(𝑔) → 𝑂2
∗ -- -0.80 -- -0.56 

𝑂2
∗  + 𝐻∗ → 𝐻𝑂𝑂∗ 0.15 -0.09 0.66 -0.26 

𝐻𝑂𝑂∗ → 𝐻𝑂𝑂𝐻∗ 0.11 0.04 0.75 -0.11 

𝐻𝑂𝑂𝐻∗ → 𝐻2𝑂2(𝑔) -- +0.72 -- +0.35 

 

 

 

Figure 6.11 Energy profile for the formation of H2O2 from O2 on pristine Pd(111) and PIM-

EA-TB fragment/Pd(111). Inset values indicate the activation energies (EA) of elementary 

steps. Letters a-e represent the surface intermediates as depicted in Figure 6.10. The last step 

indicates the H2O2 energy in the gas phase relative to reactants. 
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The presence of PIM-EA-TB on the Pd surface significantly stabilises the co-adsorption of 

molecular oxygen (b), the HOO intermediates (c and d), and H2O2 (e), leading to lower 

hydrogenation energy barriers compared to those on pristine Pd(111) by > 0.5 eV as 

summarised in Figure 6.11. The DFT calculation results suggest that the immobilisation and 

dispersion of Pd nano-catalysts in the microporous PIM-EA-TB facilitates the production of 

H2O2. The side reactions of H2O2 decomposition, which may also be affected by the presence 

of PIM-EA-TB, are not included in the calculation. 

 

Formic acid Dehydrogenation to CO2. Computational DFT calculations are carried out to 

reveal the role of PIM-EA-TB on formic acid decomposition. Similarly, the protonation of 

N1 in the PIM-EA-TB fragment is considered for further mechanism study on the formic 

acid dehydrogenation on Pd. The HCOOH decomposition on Pd catalyst is commonly 

believed to take two different pathways generating either CO2 (Pathway 1, Equation 6.4) or 

CO (Pathway 2, Equation 6.5). 51-53 

𝑃𝑎𝑡ℎ𝑤𝑎𝑦 1:     𝐻𝐶𝑂𝑂𝐻 → 𝐶𝑂2 +𝐻2     ∆𝐺 =  −48.4 𝑘𝐽 𝑚𝑜𝑙
−1     (6.4) 

𝑃𝑎𝑡ℎ𝑤𝑎𝑦 2:     𝐻𝐶𝑂𝑂𝐻 → 𝐶𝑂 + 𝐻2𝑂     ∆𝐺 =  −28.5 𝑘𝐽 𝑚𝑜𝑙
−1     (6.5) 

The acidic form of HCOOH (see Figure 6.12a) is employed as the starting point of the formic 

acid decomposition process, even though the behaviour of formic acid can be different as 

pH varies. The HCOOH molecule transfers a proton exothermically to the amine group (N1) 

of the co-adsorbed PIM-EA-TB fragment (ER = -0.52 eV) or the pristine Pd (111) surface 

(ER = -0.11 eV) for the case in the absence of PIM-EA-TB. As a result, formate (HCOO*) 

is left on the Pd surface (Figure 6.12b). In fact, there could be two ways for HCOOH to lose 

a proton: breaking from the O-H bond leading to HCOO* and delivering the proton from the 

H-C bond resulting in carboxylic surface species (COOH*, Figure 6.12c). Both 

intermediates are investigated in terms of their formation and decomposition. Table 6.2 

summarises the activation and reaction energies of the formic acid dehydrogenation 

processes. The atomic representation of key structures along the HCOOH decomposition 

process is illustrated in Figure 6.12.  

 



163 

 

 

Figure 6.12 Schematic representation of the key structures along the HCOOH 

decomposition process (left) assisted by the PIM-EA-TB fragment/Pd(111) and (right) on 

naked Pd(111). Inset distances are in Angstroms. Grey, brown, pale blue and white balls 

indicate Pd, C, N and H atoms respectively. 
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Table 6.2 Summary of DFT data for activation (EA) and reaction (ER) energies for the 

HCOOH decomposition on PIM-EA-TB fragment/Pd(111) and pristine Pd(111). The ‡ 

subscript indicates that the H transferred to the Pd(111) surface or the PIM-N1. Note that “*” 

indicates bound species. 

 PIM-EA-TB 

fragment/Pd(111) 
Pd(111) 

 EA /eV ER /eV EA /eV ER /eV 

𝐻𝐶𝑂𝑂𝐻(𝑔) → 𝐻𝐶𝑂𝑂𝐻∗ -- -0.35 -- -0.41 

𝐻𝐶𝑂𝑂𝐻∗→𝐻𝐶𝑂𝑂∗+𝐻∗‡ 0.02 -0.52 0.23 -0.11 

𝐻𝐶𝑂𝑂∗ → 𝐶𝑂2
∗ + 𝐻∗‡ 0.42 -0.65 0.75 -0.45 

𝐻𝐶𝑂𝑂∗ → 𝐻𝐶𝑂∗ + 𝑂∗ 1.65 +0.79 1.67 +1.05 

𝐻𝐶𝑂𝑂𝐻∗ → 𝐶𝑂𝑂𝐻∗ +𝐻∗‡ 0.76 -0.44 0.61 -0.25 

𝐶𝑂𝑂𝐻∗ → 𝐶𝑂2
∗ + 𝐻∗‡ 0.19 -0.15 0.73 +0.02 

𝐶𝑂𝑂𝐻∗ → 𝐶𝑂∗ + 𝑂𝐻∗ 0.88 -0.25 0.83 -0.26 

 

 

The intermediate HCOO* (b) decomposes into adsorbed CO2* + H* (d) in the presence of 

the PIM-EA-TB fragment by overcoming activation energy of 0.42 eV (ER = -0.65 eV). It is 

unlikely that b dissociates to HCO* + O* (e) because of higher activation energy and 

endothermic property; further dehydrogenation of e would result in CO*. Similarly, the 

carboxylic surface species COOH* (c) is likely to overcome activation energy of 0.19 eV 

and generate d rather than CO* + OH* (f), which requires energy of 0.88 eV. The formation 

of f is kinetically unfavourable even though it shows slightly more exothermic than the 

formation of d. 

For the catalytic process that occurs on the naked Pd(111) surface, the decomposition 

pathways of HCOO* (b) and COOH* (c) are the same as those on the PIM-EA-TB 

fragment/Pd(111). Formate (b) leads to CO2* + H* (d) because HCO* + O* (e) is 

energetically inhibited (Figure 6.14). However, the CO* formation from c shows a higher 

energy barrier of only 0.01 eV but slightly endothermic formation energy exothermic 

compared to the formation of f. So, these two processes compete with each other. Figures 

6.13A and B depict the energy differences of the reaction processes with or without the 

presence of PIM-EA-TB. The overall reaction pathway of formic acid dehydrogenation in 
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the presence of PIM-EA-TB is likely to be O-H dehydrogenation followed by C-H 

dehydrogenation. 

 

 

Figure 6.13 Energy profiles for HCOOH decomposition to CO2* and 2·H* on pristine 

Pd(111) and on PIM-EA-TB fragment/Pd(111). (A) Energy profiles for C-H 

dehydrogenation followed by O-H dehydrogenation. (B) Energy profiles for O-H 

dehydrogenation followed by C-H dehydrogenation. Inset values indicate the activation 

energies (EA) of elementary steps. Letter a-d represents the surface intermediates as depicted 

in Figure 6.12. Note that “*” indicates bound species. 
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Figure 6.14 Energy profile for HCOOH decomposition on pristine Pd(111) and PIM-EA-

TB fragment/Pd(111), a model of Pd particles intercalated in the PIM microporous structure. 

Pathway (A) goes through the COOH* intermediate while (B) goes through HCOO* one.  

Inset values indicate the activation energies (EA) of each elementary step. Letter a-f 

represents the surface intermediates depicted in Figure 6.12. 

 

The absorbed CO on the palladium catalyst surface shows a notorious poison effect causing 

deactivation of the catalyst. However, no deterioration is observed in the experiments studied 

here with Pd@PIM-EA-TB. The calculation data demonstrate that the microporous structure 

created by PIM-EA-TB surrounding Pd nano-catalysts (i) enhances the HCOOH 

decomposition to H2 and CO2, and (ii) promotes the mechanistic reaction generating CO2 

(Pathway 1) and suppresses the formation of CO (Pathway 2). 
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6.3.4 Pd@PIM-EA-TB Reactivity IV.: TMB Oxidation in the Presence of Perchlorate 

Having studied Process I and Process II (see Figure 6.7C) individually, the next step is to 

re-inspect the TMB colourimetric reactivity driven by H2O2 generation. Figure 6.15 shows 

data of comparison for TMB reaction with intentionally added H2O2 in the absence of 

catalyst or with generated H2O2 by Pd@PIM-EA-TB catalyst. For the case without the 

catalyst, H2O2 is added at a level to mimic the catalytic reaction (Figure 6.15A). The evident 

TMB blue colour is observed in formate/formic acid solution at concentrations higher than 

10 mM at a pH of 3.75. The same reaction in the presence of Pd@PIM-EA-TB (Figure 6.15B) 

gives a similar colour pattern at formate/formic acid concentration of less than 20 mM, but 

a loss of TMB oxidation when going to higher concentrations of 50 or 100 mM. The 

production of H2O2 should still be going under these conditions, but the negative Galvani 

potential of Pd catalyst and a possible trace of Pd2+ in the solution could affect the oxidation 

of TMB at higher formate/formic acid concentrations. 

 

Figure 6.15 (A) Effect of HCOOH/HCOONa concentration at pH 3.75 on TMB reactivity. 

Photographs of 580 µM TMB in the absence of Pd@PIM-EA-TB (stirred in the dark, 33% 

DMSO) as a function of reaction time. H2O2 was added to reflect reactivity as in data 

presented in Figure 6.8C: blank: no H2O2, 5 mM: 33 M, 10 mM: 41 M, 20 mM: 59 M, 

50 mM: 111 M, 100 mM: 198 M H2O2. (B) Photographs of 580 µM TMB in the presence 

of Pd@PIM-EA-TB (stirred in the dark, 33% DMSO) as a function of reaction time. H2O2 

was generated in situ. 
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The TMB reaction as a function of pH is also examined in the presence of Pd@PIM-EA-TB. 

Figure 6.16B illustrates the blue-green colour (combination of blue mono- and yellow di-

oxidised TMB) when the solution pH is between 2.5 and 3.5. Less acidic solutions yield a 

relatively small amount of H2O2; thus, the colour is not shown. In the presence of perchlorate, 

a similar pattern of TMB oxidation reactivity appears (Figure 6.16A). The blue colour is 

clearer with some precipitate existing, which is likely to be the blue colour TMB dimer salt 

containing perchlorate.  

 

 

Figure 6.16 Effect of 50 mM ClO4
- for 50 mM HCOOH/HCOONa concentration at pH 3.75 

on TMB reactivity. Photographs of 580 µM TMB (A) in the presence and (B) in the absence 

of ClO4
- with Pd@PIM-EA-TB (stirred in the dark, 33% DMSO) as a function of time.  

 

Even though the presence of perchlorate is proved to enhance the H2O2 production (see 

Figure 6.9A) from formate/formic acid, the effect on the TMB colour reaction is not 

substantial. The colour scales of TMB oxidation are similar in the presence and absence of 

perchlorate. However, a deeper blue colour is observed in the presence of perchlorate 
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compared to the blue-green colour without perchlorate. In fact, the colour reaction is 

different because of the precipitation of the product when perchlorate is involved. In terms 

of actual application, precipitation or accumulation of the coloured products appears to be 

beneficial to reproducibility and sensor-effective read-out. From this perspective, an 

optimisation investigation on accumulated blue colour product into an indicator strip is 

carried out next. 

 

6.3.5 Pd@PIM-EA-TB Reactivity V.: Optimized TMB Colour Reaction 

The blue precipitate product from TMB oxidation in the presence of ClO4
- implies a cationic 

characteristic (see the mechanism in Figure 6.4). For the purpose of collecting the blue 

product and delivering a stronger colour change, a negatively charged Nafion ionomer can 

be used. Here, the Nafion solution is stamped onto a filter paper (Figure 6.17). 

 

 

Figure 6.17 Effects of Nafion ionomer printed on a filter paper on the TMB colour response 

with/without 50 mM ClO4
- for 10 mM HCOOH/HCOONa concentration at pH 3.75. 

Photographs of 580 µM TMB (A) without catalyst, (B) without Nafion, (C) in the absence 

of ClO4
-, and (D) with ClO4

- (stirred in the dark, 33% DMSO, 11 cm3) as a function of 

reaction time. 
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The collection of blue-coloured TMB products is carried out under optimised conditions (10 

mM HCOOH/HCOONa, pH 3.75). A blue colouration gradually appears due to Pd@PIM-

EA-TB producing H2O2. A weak pattern is observed in the absence of catalyst, probably 

derived from a slow aerial background TMB reaction. In the presence of Pd@PIM-EA-TB 

catalyst, a distinct blue pattern emerges on a Nafion ionomer printed filter paper. An 

advantageous effect of ClO4
- is shown at 4 to 5 h reaction time. However, for a more 

prolonged time, the difference between with and without the addition of perchlorate is less 

noticeable. These results verify the catalytically generated H2O2 resulting in TMB oxidation 

and colour response. Nafion ionomer printed onto a filter paper substrate is effective in 

showing distinct blue colour contrast due to accumulation of the TMB oxidation product. 

 

6.4 Conclusions 

Investigations show that palladium nanoparticles immobilised in PIM-EA-TB display 

formate oxidase reactivity, which drives hydrogen peroxide production from formic acid. 

Molecularly rigid PIM-EA-TB, as a host, creates “cavities” surrounding palladium nano-

catalysts, presenting catalytic reactivity due to the presence of tertiary amines in the vicinity 

of the palladium surface. A computational DFT model is developed to study the catalyst 

cavity effect. The key results are: 

(i) The Pd@PIM-EA-TB drives the catalytic conversion of formic acid to hydrogen 

peroxide in the presence of oxygen (i.e. nanozyme mimicking formate oxidase). 

(ii) The interaction of microporous PIM-EA-TB (providing tertiary amines) with 

palladium surface creates numerous active catalytic sites. 

(iii) The hydrogen peroxide production is enhanced at pH < 4, which is related to the 

protonation of PIM-EA-TB. 

(iv) Hydrogen generation in competition to hydrogen peroxide formation is only 

major at pH close to 4 but less important in more acidic or alkaline solutions, 

especially under stirring. 

(v) Perchlorate enhances peroxide production in acidic solutions due to its ability to 

provide more ammonium active sites. 

(vi) A DFT model simulates the possible reaction pathways in “cavities” of Pd@PIM-

EA-TB, which shows enhanced reactivity of both oxygen hydrogenation and 

formic acid dehydrogenation. 
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(vii) The colourimetric homogeneous oxidation of TMB is employed to visualise 

hydrogen peroxide formation. 

(viii) Nafion ionomer is employed to enhance the TMB colour change by accumulating 

the blue cationic species. 

The involvement of intrinsically microporous polymers (PIMs) in a catalytic reaction is 

intriguing and needs more explorations for catalyst development. In the future, 

modifications of PIMs to produce more cavities and the use of different types of PIMs 

provide potential applications in selective catalytic reactions. Although only one specific 

DFT model does not represent a variety of cases of catalytic conditions on catalysts based 

on PIMs structure, it can provide powerful complementary information and could be 

used to predict catalytic reactivities at various types of catalysts surfaces. 
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Chapter Abstract 

Nanoparticles of Pd, Au, or PdAu mixtures are immobilised in polymers of intrinsic 

microporosity hosts (PIM-EA-TB and PIM-1) and evaluated and compared as catalysts for 

the reactivity towards formic acid oxidation and oxygen reduction during H2O2 production. 

Microporous catalyst composites are prepared in a single-step process by casting polymer, 

Pd(II)(acetate)2, or/and Au(I)Cl(triethylphosphine) together from a chloroform solution, 

followed by borohydride reduction. Nano-catalysts with typically 3 nm diameter of Pd, Au, 

and PdAu mixtures are assessed in formic acid solutions, which suggest PdAu@PIM-EA-

TB is the most active catalyst for H2O2 production. A colourimetric assay based on 3,5,3’,5’-

tetramethylbenzidine (TMB) sensor dye verifies the pattern of H2O2 generation reactivity. 

In contrast to PIM-1, PIM-EA-TB is suggested to be directly contributing to the catalytic 

process by creating rigid surface cavities with (i) amine sites as proton acceptors (for formate 

oxidation) and (ii) ammonium sites as proton donors (for oxygen reduction). 

 

 

Graphical Abstract 
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7.1 Introduction 

Catalytic reactions in microporous environments have drawn significant attention for the 

comparable reactive cavities to natural enzymes 1,2. A particular interesting system is based 

on polymers of intrinsic microporosity (PIMs). The open cavities in PIMs can be generated 

at the surface of heterogeneous catalysts 3, for example, to be beneficial to (i) creating micro 

reactive space without capping the catalyst surface, 4 (ii) affecting solvent structure at the 

catalyst surface, and (iii) creating additional reaction sites (based on functional groups) close 

to the catalyst surface. The polyamine PIM-EA-TB (see molecular structure in Figure 7.1A) 

at the surface of the nano palladium catalyst has been verified to participate in the catalytic 

reactions experimentally and theoretically (see Chapter 6). It was suggested that the tertiary 

amines in PIM-EA-TB could pick up a proton during formic acid oxidation. Then the 

ammonium site could donate this proton in the oxygen reduction process. In this chapter, a 

similar system is studied by comparing the reactivity of Pd, Au, and PdAu mixtures 

immobilised in the hosts of PIM-EA-TB or PIM-1 (see molecular structure in Figure 7.1B).  

 

 

Figure 7.1 (A) Photograph of PIM-EA-TB powder and solution in chloroform (1 mg/mL) 

and molecular structure of PIM-EA-TB; (B) Photograph of PIM-1 powder and solution in 

chloroform (1 mg/mL), and molecular structure of PIM-1. 

 

In practice, PIMs with nanocavities could confine catalysts and avoid aggregation during 

catalyst synthesis. Differences in cavities, functional groups, and wettability of PIMs could 

be critical factors causing variable activities in catalytic reactions.  Microporous composites 

with embedded nano-catalysts lead to highly reactive systems with accessible nanoparticle 

catalysts in a reaction environment defined by a microporous host, for example, PIMs. Here, 

reactivity comparison between PIM-EA-TB and hydrophobic PIM-1 5 composites with 

immobilised Pd, Au, and PdAu mixtures during the catalytic hydrogen peroxide formation 

process are investigated. 
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Bimetallic PdAu nanoparticles have been reported to significantly enhance catalytic 

reactivity and selectivity in many reactions compared to their monometallic counterparts 6. 

Applications have been addressed in nitrite reduction 7, selective oxidation of the primary 

C-H bonds in toluene 8, selective oxidation of saturated hydrocarbons 9, oxygen reduction in 

electrocatalysis 10, electrooxidation of formic acid 11, hydrogen evolution from formic acid 

12, enzymatic biosensing 13, selective detection of acetone in clinical application 14, and other 

reactions 15-17. Interests in PdAu rely on (i) Pd and Au can form solid solutions in the whole 

range of Pd/Au atomic ratio 6,7; and (ii) the presence of the second element alters the 

electronic property of the primary metal nanoparticles with the formation of alloy and/or 

core-shell configurations 18. Here, performance of H2O2 production from oxygen and formic 

acid are assessed on PdAu mixture nano-catalysts in comparison to monometallic Pd or Au 

nanoparticles. 

The only reports directly explored enhanced catalytic processes in PIMs are increased 

oxygen reduction catalysis in PIM-1 19, the accumulation of hydrophobic substrates effects 

20,21, and enhanced generation of hydrogen peroxide on Pd (Chapter 6).  In this Chapter, 

more direct evidence for catalytic processes being affected by PIMs is shown by pH-

dependent investigation. One-step formation of nano Pd, Au, and PdAu mixtures catalysts 

embedded in PIM-EA-TB and PIM-1 is achieved by co-deposition of chloroform soluble 

metal precursors with PIMs followed by reduction. Coupled processes of formic acid 

oxidation and oxygen reduction to generate H2O2 are evaluated based on a Clark-type sensor, 

mass spectroscopy, and colourimetric assay based on 3,5,3’,5’-tetramethylbenzidine (TMB) 

dye. 

 

7.2 Experimental 

7.2.1 Reagents 

Chloro(triethylphosphine)gold(I) ([(C6H5)3P]AuCl, ≥99.9), palladium (II) acetate 

([Pd(OAc)2]3, reagent grade, 98%), Sodium borohydride (NaBH4, powder, 98%), formic 

acid (HCOOH, 96%, ACS Reagent), sodium carbonate (Na2CO3, powder, ≥ 99.5%, ACS 

Reagent), p-nitrophenylboronic acid (≥ 95.0%), Nafion® 117 solution (~5% in a mixture of 

lower aliphatic alcohols and water), chloroform (≥ 99.8%), sodium formate (NaCOOH, ACS 

reagent, ≥99.0%), 3,3’,5,5’-Tetramethylbenzidine (TMB, ≥99%) were purchased from 

Sigma-Aldrich. Dimethyl sulfoxide (DMSO, for HPLC, ≥ 99.7%) and hydrogen peroxide 
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(H2O2, ACS Reagent, 30 wt.% in H2O) were products of Honeywell. Sodium bicarbonate 

(NaHCO3, ≥ 99.7%) and sodium hydroxide (NaOH, pellets, laboratory reagent grade) were 

obtained from Fluka. The synthesis procedures of PIM-EA-TB 22 and PIM-1 23 were the 

same as the literature. The WhatmanTM brand filter paper (602H, pore size < 2 µm) was 

ordered from GE Healthcare Life Sciences. The Jovitec universal pH test paper (pH full 

range 1-14) was used in H2O2 detection. The Nylon mesh purchased from Amazon (Nut milk 

bag 200 Micron) was applied as the catalyst substrate. 

 

7.2.2 Instrumentation 

Consumption of oxygen and production of hydrogen were monitored by a commercial Clark-

type polarographic dissolved oxygen probe (HI76407) from Hanna Instruments Ltd. A 

concentrated KCl solution (HI7041S) was employed as a fill electrolyte inside the probe. 

The current responses were recorded as chronoamperometry by a potentiostat (Metrohm 

microAutolab II). Ultra-pure water (resistivity not less than 18.2 MΩ cm at 20 °C) was 

purified from a Thermo Scientific water purification system. A pH meter (Jenway 3505) was 

applied to monitor the acidity of the testing solutions. The morphologies of samples were 

imaged by a field emission scanning electron microscope (FESEM, JEOL JSM-7900F) and 

a transmission electron microscope (TEM, JEOL JEM-2100PLUS). An energy dispersive 

X-ray analyser (170 mm2 Ultim Max EDX) equipped to the FESEM system and an Oxford 

Instruments large area EDX detector attached to TEM were to carry out the elemental 

detection. An aberration-corrected JEOL ARM300 CF microscope operated at 300 kV in 

STEM mode was used for imaging the microstructures of PdAu@PIM-EA-TB and 

PdAu@PIM-1 samples (Figure 7.15). The quantification of H2O2 was performed on an 

Agilent 6545 Accurate-Mass Q-TOF liquid chromatography-mass spectroscopy (LC-MS) 

equipment. 

 

7.2.3 Preparation of metal@PIM-EA-TB and metal@PIM-1 

Stock solutions of 4 mM Pd(OAc)2 (m.w. 224.51 g/mol), 4 mM ([(C6H5)3P]AuCl (m.w. 

494.71 g/mol), 1 mg/mL PIM-EA-TB (monomer weight 300 g/mol; m.w. approx. 70 kD; 

typically 3.3 mmol monomer in solution), and 1 mg/mL PIM-1 (monomer weight 460 g/mol; 

m.w. approx. 90 kD; typically 2.2 mmol monomer in solution) in chloroform were prepared 
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at the first step. Typically, for the preparation of Pd@PIM-EA-TB, a mixture of Pd(OAc)2 

and PIM-EA-TB solutions (volume ratio 1 to 1) was cast deposited (40 µL) on a Nylon mesh 

disk (8 mm in diameter) followed by a reduction process in a freshly made 5 mg/mL NaBH4 

solution at 4 °C in a fridge for 20 h. After rinsing with water, the sample was ready to be 

assessed. The preparation of other samples employed the same method but used a different 

mixture of chloroform solutions (see more details in Figure 7.2 and Table 7.1). Note that the 

mixing of solutions needs to be freshly done as precipitation was observed in long-term 

stocked mixture solutions. 

 

 

Figure 7.2 (A, B) (Photographs of different solutions containing Pd(OAc)2, [(C6H5)3P]AuCl, 

or both with PIM-EA-TB or with PIM-1. (C) Photographs of the Nylon disks and the coated 

Nylon disks before and after NaBH4 reduction to embedded nanoparticles. 
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Table 7.1 Pre-mixed solutions and their corresponding products. The theoretical ratios of 

metal to polymer monomer unit (in PIM-AE-TB or PIM-1) are shown. 

Solution Mixture Final Product 
Metal : Monomer 

Ratio 

2 mM Pd(OAc)2, 0.5 mg/mL  

PIM-EA-TB 
Pd@PIM-EA-TB 4.0 : 3.3 

1 mM Pd(OAc)2, 

1 mM ([(C6H5)3P]AuCl, 

0.5 mg/mL PIM-EA-TB 

PdAu@PIM-EA-TB 2.0 : 2.0 : 3.3 

2 mM [(C6H5)3P]AuCl, 0.5 mg/mL  

PIM-EA-TB 
Au@PIM-EA-TB 4.0 : 3.3 

2 mM Pd(OAc)2, 0.5 mg/mL  

PIM-1 
Pd@PIM-1 4.0 : 2.2 

1 mM Pd(OAc)2, 

1 mM ([(C6H5)3P]AuCl, 

0.5 mg/mL PIM-1 

PdAu@PIM-1 2.0 : 2.0 : 2.2 

2 mM [(C6H5)3P]AuCl, 0.5 mg/mL  

PIM-1 
Au@PIM-1 4.0 : 2.2 

 

 

 

Figure 7.3 (A) Field emission scanning electron microscopy (FESEM) and (B) scanning 

electron microscopy (SEM) image and energy dispersive X-ray elemental analysis mapping 

for Pd@PIM-EA-TB.  
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Figure 7.4 (A) Field emission scanning electron microscopy (FESEM) and (B) scanning 

electron microscopy (SEM) image and energy dispersive X-ray elemental analysis mapping 

for Pd@PIM-1. 

 

 

Figure 7.5 (A) Field emission scanning electron microscopy (FESEM) and (B) scanning 

electron microscopy (SEM) image and energy dispersive X-ray elemental analysis mapping 

for PdAu@PIM-EA-TB. 

 

 

Figure 7.6 (A) Field emission scanning electron microscopy (FESEM) and (B) scanning 

electron microscopy (SEM) image and energy dispersive X-ray elemental analysis mapping 

for PdAu@PIM-1. 
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Figure 7.7 (A) Field emission scanning electron microscopy (FESEM) and (B) scanning 

electron microscopy (SEM) image and energy dispersive X-ray elemental analysis mapping 

for Au@PIM-EA-TB. 

 

 

Figure 7.8 (A) Field emission scanning electron microscopy (FESEM) and (B) scanning 

electron microscopy (SEM) image and energy dispersive X-ray elemental analysis mapping 

for Au@PIM-1. 

 

7.2.4 Evaluation of O2 consumption and H2 production by Clark probe 

Detection of oxygen consumption and hydrogen production was performed on a Clark probe 

by attaching the catalyst disk to the Teflon membrane cap (same as the method demonstrated 

in Chapters 5 and 6). Chronoamperometry data were monitored on a potentiostat by applying 

different potentials. For the case of oxygen detection, the potential was fixed at -0.7 V vs 

Ag/AgCl, and hydrogen detection at 0.6 V vs Ag/AgCl 24. 

 

7.2.5 Quantification of H2O2 by LC-MS 

Quantification of H2O2 followed the same method as illustrated in Chapters 5 and 6. Briefly, 

H2O2 reacts with para-nitrophenylboronic acid stoichiometrically in alkaline conditions to 
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give para-nitrophenol. The product was separated and detected by the LC-MS technique so 

that the amount of H2O2 could be calculated accordingly. 

 

7.2.6 Colorimetric Assay Based on TMB 

The colourimetric assay followed the same procedure as proposed in Chapter 6. Colourless 

3,3’,5,5’-Tetramethylbenzidine (TMB) can be homogeneously oxidised by H2O2 in the 

presence of formic acid and give a blue colour product (as exemplified in Chapter 6). The 

visibility of the reaction solution colour change is a powerful and convenient tool to reveal 

the presence of H2O2. Typically, a 3 mL solution of 580 µM TMB, 10 mM 

HCOOH/HCOONa and 33% DMSO to aid solubility at pH 3.75 was placed in a small glass 

vial. For comparison, different catalysts prepared here were individually immersed into the 

solution and kept in the dark under stirring. To make a stronger colour contrast, a filter stripe 

(0.5×4 cm2) coated with 10 µL Nafion solution was dipped into the reaction solution to 

accumulate the blue product. 

 

7.3 Results and Discussion 

7.3.1 Synthesis and Characterisation 

In order to screen catalyst performance, a Nylon disk (8 mm diameter, 75 m diameter 

threads, 200 m pitch) was employed as a substrate to support and coat the polymer 

composite deposits. The Nylon is coated with either PIM-EA-TB or PIM-1 together with the 

desired Pd and/or Au precursors. Preconditions of a single-step cast deposition are that the 

metal precursors need to be dissolved in chloroform together with PIMs and can be reduced 

to metal nanoparticles. This catalyst preparation strategy aims to simplify and improve the 

procedures based on PdCl4
2- absorption demonstrated in Chapter 6. The commercially 

available metal complexes Pd(OAc)2 and [(C6H5)3P]AuCl are soluble in chloroform and 

therefore chosen for the synthesis. The component molar ratio of the resulting catalyst could 

be calculated from the mass and molecular weight of the deposits. Following the experiment, 

this should yield approximately one metal atom per polymer monomer unit for the PIM-EA-

TB case (see Table 7.1), comparable to previous studies from Chapter 6. 
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The colour of the metal complexes and PIMs in chloroform solutions are visible (see Figures 

7.2A and B). Figure 7.2C shows the colour change before and after the NaBH4 reduction 

process with the darkening observed for the metal nanoparticle formation. Scanning electron 

microscopy characterisation reveals the morphology of Pd@PIM-EA-TB (see Figure 7.3), 

Pd@PIM-1 (Figure 7.4), PdAu@PIM-EA-TB (Figure 7.5), PdAu@PIM-1 (Figure 7.6), 

Au@PIM-EA-TB (Figure 7.7), and Au@PIM-1 (Figure 7.8). EDX elemental mapping 

confirms that the PIM-EA-TB and PIM-1 films composed of aggregation polymer particles 

are uniformly coated over the Nylon mesh. The metal elements distribute on the location of 

PIMs. TEM data (see Figures 7.9 to 7.14 and 7.15) suggest a population of nanoparticles 

mainly in the range of 2.5 to 5 nm in diameter. In the samples containing Au, bigger particles 

from 18 to 25 nm are present. Given the preparation method, it is unlikely that a uniform 

alloy has been obtained for PdAu mixtures. More likely, a distribution of metals/alloys has 

been produced in different regions of the host polymers. Data in Figure 7.11 and 

PdAu@PIM-1 Figure 7.12 samples show a clear difference in Pd and Au distribution. 

 

 

Figure 7.9 (A, B) Transmission electron microscopy (TEM) and (C) energy dispersive X-

ray elemental analysis mapping for Pd@PIM-EA-TB.  
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Figure 7.10 (A) Transmission electron microscopy (TEM) and (B) energy dispersive X-ray 

elemental analysis mapping for Pd@PIM-1. 

 

 

Figure 7.11 (A) Transmission electron microscopy (TEM) and (B, C) energy dispersive X-

ray elemental analysis mapping for PdAu@PIM-EA-TB. 

 

 

Figure 7.12 (A) Transmission electron microscopy (TEM) and (B, C) energy dispersive X-

ray elemental analysis mapping for PdAu@PIM-1. 
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Figure 7.13 (A) Transmission electron microscopy (TEM) and (B) energy dispersive X-ray 

elemental analysis mapping for Au@PIM-EA-TB. 

 

 

Figure 7.14 (A) Transmission electron microscopy (TEM) and (B) energy dispersive X-ray 

elemental analysis mapping for Au@PIM-1. 

 

 

Figure 7.15 presents further evidence from scanning transmission electron microscopy 

(STEM) images for the distribution of nanoparticles. High-resolution images of both 

PdAu@PIM-EA-TB and PdAu@PIM-1 samples show fringe patterns being consistent with 

either Au (ICSD: 53763, cell 4.09 Å 25) or Pd (ICSD: 64920, cell 3.908 Å 26) or alloys (with 

intermediate cell parameter). Nanoparticles are shown with a similar distribution pattern in 

both polymer matrixes. 
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Figure 7.15 High-angle annular dark-field scanning transmission electron microscopy 

(HAADF-STEM) images of (A) PdAu@PIM-EA-TB and (B) PdAu@PIM-1. (C) Published 

crystal structure data of Au and Pd. 

 

7.3.2 Hydrogen Peroxide Formation Reactivity I: Clark Probe Screening 

Initially, the catalytic performance of three types of metals, Pd, Au, and PdAu, immobilised 

in host PIM-EA-TB and PIM-1, are compared for reactivity towards formic acid. The Nylon 

disk is fixed to the surface of a Teflon membrane of the Clark sensor to enable screening for 

O2 consumption (at -0.7 V vs. Ag/AgCl) and H2 generation (at +0.6 V vs. Ag/AgCl). 
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Figure 7.16 Clark probe responses for (A) Metal@PIM-EA-TB materials and (B) 

Metal@PIM-1 materials immersed in aqueous 0.1 M HCOOH. Each experiment was 

repeated more than three times to avoid isolated results. 

 

The comparison data among three different catalysts, Pd, Au, and PdAu immobilised in PIM-

EA-TB are tested in 0.1 M formic acid and shown in Figures 7.16A and 7.17A. Oxygen is 

consumed by all three catalysts, with Au@PIM-EA-TB showing the lowest consumption 

ability. Hydrogen generation is observed for both Pd and PdAu cases, but oxygen is not 

depleted. Here, oxygen depletion is not achieved while hydrogen is produced. This means 

that the processes of oxygen consumption and hydrogen evolution occur at the same time 

and are not necessarily related to each other. A deeper understanding of the relationship 

between these reactions needs further exploration.  Although the oxygen consumption levels 

are the same for Pd and PdAu samples, the Pd@PIM-EA-TB shows the highest hydrogen-

producing reactivity. The result is consistent with palladium being known to produce 

hydrogen from formic acid 27-29. Lower ability in hydrogen production on PdAu@PIM-EA-

TB catalyst could be because of a lower amount of Pd presence in the composite (half Pd of 

that in the Pd@PIM-EA-TB case), or because of the presence of Au affecting the 

performance of Pd. Note that the hydrogen production on Pd catalyst here (approximately 

0.1 µA) is much lower than that for the previous data (0.4 µA) 30, where Pd catalyst was 

prepared by absorbing the PdCl4
2- method. Since the molar ratios between Pd and PIM-EA-

TB host monomer unit are approximately similar (1 to 1) in these two samples prepared by 

different methods, the reactivity difference towards hydrogen production could result from 
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varied locations (whether or not in the vicinity of amine sites) of Pd nanoparticles in the host. 

No hydrogen production is observed on the Au@PIM-EA-TB catalyst. 

 

 

Figure 7.17 Clark probe data for (A) Current responses of three types of catalysts, Pd, PdAu, 

and Au, immobilised PIM-EA-TB for hydrogen production (positive data, squared) and 

oxygen consumption (negative data, triangled) in 0.1 M formic acid. (B) Same as in (A) but 

for catalysts of Pd, PdAu, and Au immobilised PIM-1. (C) Current responses of 

PdAu@PIM-EA-TB catalyst for hydrogen production (positive data, squared) and oxygen 

consumption (negative data, triangled) in 0, 2, 5, 10, and 20 mM formic acid. 

 

When exploring PIM-1 composites, the Pd@PIM-1 and PdAu@PIM-1 are most effective in 

consuming oxygen (see Figures 7.16B and 7.17B). However, there is no evidence for 

hydrogen generation for all PIM-1 based composites. This reactivity pattern may be 

associated with both the rate of hydrogen generation and the ability of both liquid and gas 

phases to coexist in the microporous host. PIM-1 has been suggested to bind hydrogen gas 

31, which could influence H2 production. 

The PdAu@PIM-EA-TB catalyst is of interest in oxygen consumption and hydrogen 

production, thus being explored further for lower formic acid effects (Figure 7.17C). More 

oxygen consumption appears when formic acid concentration goes from 0 to 10 mM, 

followed by a slight decrease at 20 mM. Hydrogen evolution is not detected under these 

conditions. The fact of scarce hydrogen being generated whereas a considerable amount of 

oxygen being consumed suggests that oxygen is likely reduced into H2O2 (in competition to 

H2O generation) during this process (with further proof needed). 

Similar experiments based on a Clark probe screening for oxygen consumption and 

hydrogen evolution were also performed in 10% (volume percentage) formaldehyde and 10% 

(volume percentage) methanol aqueous solution (not shown here). There was very low 

oxygen consumption of oxygen for the formaldehyde case, but no hydrogen was detected. 
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No reaction was observed in the methanol solution. Based on these, formic acid or formate 

continued to be explored. 

 

7.3.3 Hydrogen Peroxide Formation Reactivity II: Hydrogen Peroxide Production 

In order to get direct evidence of the reaction product, quantification of hydrogen peroxide 

is investigated to compare the role of PIM-EA-TB and PIM-1 in the catalytic process. Data 

in Figure 7.18A shows the formic acid effects on H2O2 generation at PdAu@PIM-EA-TB 

and PdAu@PIM-1 under stirring. Production of H2O2 is clearly observed in all the cases. 

The PdAu@PIM-EA-TB catalyst produces approximately double the amount of H2O2 (660 

µM in 100 mM HCOOH) in comparison to PdAu@PIM-1 (approximately 330 µM in 100 

mM HCOOH) over 2 hours reaction. Given that the sample reactor (small glass vial) is 

unsealed during the H2O2 generation reaction under stirring, oxygen is supplied continuously 

from the air, so it is illogical to calculate the oxygen conversion percentage. Though, if the 

reaction follows Equation 5.1, one mole of formic acid being converted into one mole of 

H2O2, then for the case of PdAu@PIM-EA-TB in 100 mM HCOOH, 0.66% of HCOOH has 

been converted into H2O2 over 2 hours. More specifically, H2O2 production increased as a 

function of formic acid concentration with a “switch-on” effect at 10 mM HCOOH observed. 

A similar trend appears for the PdAu@PIM-1 case with a plateau at a high concentration of 

100 mM formic acid. These results could be related solely to formic acid content but could 

also be linked to the pH of the solutions. Presumably, the localised pH inside the PIMs 

structure changes during the catalysis. But it is a considerable challenge to monitor it on a 

nanometre scale. 

Next, the same formate/formic acid dependence experiments are carried out at fixed pH of 

3.75 (see Figure 7.18B). A similar trend with PdAu@PIM-EA-TB exhibiting higher 

catalytic reactivity is observed when compared to the data observed in Figure 7.18A. The 

plots suggest first-order behaviour up to 20 mM formate with non-linearity beyond this point. 

This could be linked to some decomposition of H2O2. The effect of pH control under these 

conditions needs further systematic investigations. 
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Figure 7.18 Hydrogen peroxide quantification. (A) Production of H2O2 on a PdAu@PIM-

EA-TB or PdAu@PIM-1 catalysts coated Nylon disk in 2, 5, 10, 20, 50, and 100 mM formic 

acid (2 mL reaction solution, under stirring for 2 h). (B) As in (A), but in formate/formic 

acid reaction solution at fixed pH of 3.75. (C) As in (A), but for 10 mM formate/formic acid 

at pHs of 3, 3.5, 4, 5, 6, and 9. (D) Production of H2O2 on a PdAu@PIM-EA-TB or 

PdAu@PIM-1 catalysts coated Nylon disk in 20 mM formic acid solution under stirring for 

10, 30, 60, 120, and 150 min (10 mL reaction solution). 

 

Figure 7.18C shows data for H2O2 production from 10 mM HCOOH/HCOONa solutions 

with pH ranging from acidic to neutral and then alkaline. The production of H2O2 is only 

active when pH ≤ 4 and decreases when going to less acidic for both PdAu@PIM-EA-TB 

and PdAu@PIM-1 cases. The PdAu@PIM-EA-TB catalyst shows significant higher 

reactivity (more than doubles at pH 4) relative to that for the PdAu@PIM-1 case, which is 

consistent with results in Figures 7.18A and B. This substantial enhanced catalytic 

performance could be linked to the protonation of PIM-EA-TB (pKA ≈ 4 32). Perhaps 

surprisingly, no H2O2 is produced when pH > 4 for both cases. Figure 7.18D shows the time 

dependence of H2O2 production data on PdAu@PIM-EA-TB or PdAu@PIM-1. Evidently, 

both PIMs are effective, but PIM-EA-TB does produce more H2O2. For both catalysts in 20 

mM formic acid, an approximately linear increase of H2O2 concentration with time in the 

first hour is shown. 

Catalyst activity screening is performed in 10 mM formic acid solution (see Figure 7.19A). 

For both hosts of PIM-EA-TB and PIM-1, the PdAu catalyst shows a significantly higher 

ability to generate H2O2 compared to those for Pd or Au samples (in agreement with a 
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previous report on the effect of Au deposition on Pd nanoparticles 30). Note that the amount 

of Pd or Au atoms in the bimetallic PdAu catalyst is half that in the monometallic catalysts. 

When comparing PdAu catalysts performance, PdAu@PIM-EA-TB exhibit considerable 

higher catalytic reactivity with approximately double the amount of H2O2 production relative 

to PdAu@PIM-1. The exact role of Au in this process is not clear, but a bifunctional process 

with Pd catalysing formate oxidation and Au catalysing oxygen reduction is possible. 

 

 

Figure 7.19 (A)Hydrogen peroxide production of Pd, PdAu, and Au nanoparticles 

embedded in PIM-EA-TB or PIM-1 catalysts in 10 mM HCOOH stirred for 2 h (2 mL 

reaction solution). (B) Schematic illustration of the 2 electron – 2 proton formic acid 

oxidation. (C) Schematic illustration of the 2 electron – 2 proton oxygen reduction. PIM-

EA-TB provides a protonation site at the tertiary amine. 

 

The beneficial effects of the protonation of tertiary amines in PIM-EA-TB being confirmed 

by DFT computational modelling (see Chapter 6) have been demonstrated in Figures 7.19B 

and 7.19C. Both PIMs hosts here supply rigid cavities to accommodate catalysts for catalytic 

reactions and give pathways for the reagent to permeate (and for products to diffuse out). 

However, the amine sites in PIM-EA-TB stabilise the transition state for formate oxidation 

(a 2 electron – 2 proton process). And the protonated amine, in turn, lowers the energy barrier 

for oxygen reduction (a 2 electron – 2 proton process). Overall, the catalytic process is 

balanced in protons and in electrons. 

Meanwhile, the protonation of the amine also helps keeping the local proton concentration 

balanced. Considering the small size of the reactive cavity, an excess of protons generated 

at the surface may lead to the loss of a proton into the next cavity. Thus, it takes time for the 

following reaction step to happen if the proton is required. The boosted generation of 

hydrogen peroxide can be verified and visualised in a colour reaction. 
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7.3.4 Hydrogen Peroxide Formation Reactivity III: Visualisation with TMB Colour 

Reaction 

Visibility for hydrogen peroxide formation could be achieved by employing TMB sensor 

dye. Colourless TMB can be oxidised by H2O2 to form cationic blue colour in the presence 

of formic acid (as detailed in Chapter 6). In order to better reveal the reactivity of different 

catalysts, an anionic Nafion ionomer is coated on filter paper and immersed in the TMB 

reaction solution to accumulate the blue colour product. 

 

 

Figure 7.20 TMB colourimetric assay for H2O2 production. Photographs of 580 µM 

3,3’,5,5’-Tetramethylbenzidine (TMB) in 10 mM HCOOH/HCOONa at pH 3.75 in the 

presence of Pd@PIM-EA-TB, PdAu@PIM-EA-TB, Au@PIM-EA-TB, Pd@PIM-1, 

PdAu@PIM-1, and Au@PIM-1 catalyst disk (stirred in the dark, 33% DMSO, 3 mL) as a 

function of reaction time. TMB blue colour product accumulates in Nafion ionomer (10 µL) 

coated on a filter paper (0.5×4 cm2). 

 

Figure 7.20 shows the colour comparison among different catalyst disks as a function of 

reaction time. Blue colour responses gradually occur along with reaction time for all the 

cases. The weak colour observed in the absence of catalyst is likely due to a slow aerial 

background TMB reaction. The strongest colour response is observed in the presence of 

PdAu@PIM-EA-TB catalyst (followed by Pd@PIM-EA-TB), which suggests the highest 

activity towards H2O2 production from formic acid production. This is consistent with the 

H2O2 LC-MS quantification results (see Figure 7.19A). A similar trend is observed for PIM-
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1 catalyst-containing experiments, with PdAu exhibiting the best activity compared to those 

of Pd@PIM-1 and Au@PIM-1. The Colour responses trend being consistent with the H2O2 

quantification data suggests that TMB is an effective and powerful tool to assess hydrogen 

peroxide production. 

 

7.4 Conclusions 

It has been shown that a PdAu mixture embedded in polymers of intrinsic microporosity, for 

example, PIM-EA-TB and PIM-1, has been synthesised by a one-step method. Compared to 

the monometallic counterparts (Pd or Au), the bimetallic PdAu immobilised polymer shows 

significantly higher activity towards hydrogen peroxide production from formic acid and 

oxygen. Among all the microporous catalyst composites studied in this chapter, 

PdAu@PIM-EA-TB is the most active catalyst for H2O2 production. The key results are: 

(i) Nano Pd, Au, and PdAu mixtures immobilised PIM-EA-TB, or PIM-1 

microporous composites, are prepared by a single-step reduction of Pd and/or Au 

precursor co-deposits together with the host polymer. 

(ii) The Clark probe current responses suggest oxygen removal yet minimal 

hydrogen generation ability for PdAu@PIM-EA-TB or PdAu@PIM-1 catalyst 

from formic acid aqueous solutions under stagnant conditions. 

(iii) Hydrogen peroxide production on both PdAu@PIM-EA-TB and PdAu@PIM-1 

catalysts is significantly affected by pH, which is likely to be linked to the 

protonation/deprotonation of formate/formic acid during the catalytic process. 

(iv) A significant enhancement in activity for PdAu@PIM-EA-TB observed at pH 4 

is due to the tertiary amines in PIM-EA-TB. 

(v) Reactivity screening in aqueous formic acid suggests that PdAu@PIM-EA-TB is 

the most active catalyst for H2O2 production. This could relate to PIM-EA-TB 

directly contributing to the catalytic process, with amine sites accepting protons 

for formic acid oxidation and ammonium sites donating protons for oxygen 

reduction. 

(vi) A colourimetric assay based on TMB gives the same result of PdAu@PIM-EA-

TB being the most reactive catalyst for hydrogen peroxide generation. 

The Pd/Au ratio in the alloy/mixture has a significant impact on its catalytic performance. 33 

An atomic-level understanding of bimetallic mixtures remains challenging yet needs further 



198 

 

exploration. The colourimetric assay based on TMB colour change upon chemical reaction 

provides another perspective for sensing application. The fact that the PIM-EA-TB host 

directly contributes to the catalytic process paves the way for other further PIMs material to 

be explicitly investigated to boost catalytic reactions. 
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8.1 Conclusions 

In this thesis, the application of intrinsically microporous polymers (PIMs), for example, 

PIM-EA-TB and PIM-1, in heterogeneous redoxcatalysis has been explored. The 

molecularly rigid PIMs have been proven to provide nanocavities for binding/immobilising 

species of anionic complexes (Fe(CN)6
3-/4- and PdCl4

2-), molecules (catechin and quercetin), 

and metal nanoparticles (Pd, bipolar Pd/Au, and PdAu mixture). The active species 

embedded polymer complexes have been employed as heterogeneous catalysts for redox 

catalytic aqueous systems and as nanozymes to mimic enzyme-like activities. In addition, 

PIM-EA-TB has been shown to have direct catalytic effects on acidity-related redox 

reactions both experimentally and theoretically. 

To explore the immobilisation and reactivity of anionic species in PIMs, a typical reversible 

redox couple Fe(CN)6
3-/4- was embedded in an intrinsically microporous polyamine PIM-

EA-TB to give a thin layer of redox film. When investigated by cyclic voltammetry, the 

reactivity of PIM-EA-TB/Fe(CN)6
3-/4--coated electrodes has been shown to be sensitive to 

parameters of Fe(CN)6
3-/4- concentration, film thickness, and pH (linked to pKA, PIM-EA-TB ≈ 

4) of the solutions during immobilisation and voltammetry. The interaction between 

Fe(CN)6
3-/4- and protons inside the PIM-EA-TB host is suggested to be responsible for the 

uptake, retention, and relatively slow leaching processes. Electrocatalytic oxidation of 

ascorbic acid has been achieved by the PIM-EA-TB/Fe(CN)6
3-/4- film. 

Two ortho-quinol molecules, catechin and quercetin, were studied as guest species 

immobilised in the PIM-EA-TB host. Hydrogen bonding was suggested to be critical to 

bridge catechin (or quercetin) and tertiary amine sites in PIM-EA-TB. The binding capacity 

has been demonstrated to be typically one guest molecule binding to each monomer of PIM-

EA-TB. Cyclic voltammetric data suggested apparent Langmuirian binding behaviour of the 

ortho-quinols, which undergo 2-electron 2-proton redox conversion to the corresponding 

quinones in a mono-layer PIM-EA-TB film. When investigating release behaviours, water-

soluble catechin spontaneously leached into solutions, whilst the release of quercetin with 

low water solubility requires electrochemical stimuli to locally create alkaline conditions. 

The anionic complex binding ability of polyamine has inspired a new strategy of 

synthesizing metal nanoparticles where PdCl4
2- was accumulated in PIM-EA-TB followed 

by borohydride reduction to form Pd@PIM-EA-TB. The Pd nanoparticles with an 

approximate 3 nm diameter could catalyse the spontaneous reaction between formic acid and 
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oxygen to competingly yield H2O2 (at low formic acid concentrations in the air), water, and 

H2 (at higher formic acid concentration or under argon). Combined with a following 

spontaneous electroless Au deposition process, the Pd/Au@PIM-EA-TB product gave an 

order of magnitude increased H2O2 yield even at higher concentrations of formic acid with 

suppressed hydrogen production. Evaluation of oxygen consumption and hydrogen 

production was carried out on a Clark-type sensor, while H2O2 quantification was completed 

indirectly based on a liquid chromatography - mass spectroscopy method. Pd and Au work 

hand-in-hand as bipolar electrocatalysts. 

Further application possibilities of catalyst-immobilised polymer complexes include natural 

enzymes mimics as nanozymes. The Pd@PIM-EA-TB complex exhibited formate oxidase 

reactivity, which was revealed to indirectly drive the colour reaction of a sensor dye 

3,5,3’,5’-tetramethylbenzidine (TMB) in the presence of formic acid. The whole catalytic 

reaction has been dissected and investigated as two processes: oxygen reduction on the 

Pd@PIM-EA-TB catalyst to produce H2O2 (first order process showing formate oxidase 

reactivity), followed by homogeneous TMB oxidation. The favourable effect of perchlorate 

anions and the computational DFT model verified that PIM-EA-TB as an active component 

(providing ammonium sites) had enhanced both formate oxidation and oxygen reduction in 

H2O2 processes. 

Finally, Pd, Au, and PdAu mixture were embedded in two different microporous polymers, 

PIM-EA-TB and PIM-1, by a single-step process and evaluated as catalysts for the reactivity 

towards formic acid oxidation and oxygen reduction during H2O2 production. During the 

preparation processes, the Pd and/or Au precursors were cast from chloroform solution 

together with the polymer, followed by borohydride reduction. Reactivity screening in 

aqueous formic acid suggested that PdAu@PIM-EA-TB is the most active catalyst for H2O2 

production. Colour reactions based on TMB visualising reagent verified the same reactivity 

pattern. It was proposed that, in contrast to PIM-1, PIM-EA-TB directly contributes to the 

catalytic process with amine sites as proton acceptors (for formate oxidation) and ammonium 

sites as proton donors (for oxygen reduction). The difference in roles of two host polymers 

during the catalytic process has validated the key role played by functional groups. 

Overall, work in this thesis has shown that PIMs, as a building block of the heterogeneous 

catalysts, directly or indirectly contribute to the catalytic processes. The actual conditions 

inside the micropores of the polymer composites catalysts could be complicated and 
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challenging to probe. However, the functions of PIMs discovered in this thesis are (i) 

providing “nanocavities” for redox reaction to happen; (ii) binding and incorporating active 

species like ions, molecules, and nanoparticles; (iii) creating a considerable number of active 

catalytic sites via host-guest interactions; (iv) restricting the nanoparticle size into nanoscale; 

(v) allowing permeation of reactants and products; (vi) making the catalyst to be easily 

reused and recovered; (vii) directly being an active catalyst component. Furthermore, 

mechanisms for catalytic processes like the conversion of formic acid and oxygen to 

hydrogen and CO2 has been proposed. Analytical methods for oxygen consumption and 

hydrogen production based on a Clark-type sensor and for indirect quantification of 

hydrogen peroxide based on liquid chromatography coupled with mass spectroscopy (LC-

MS) have been developed. 

Overall, catalysts can be immobilised in PIMs and used for biomass conversion. The PIM 

structures can assist the catalysis processes similar to natural enzyme activities. However, 

the small pore sizes of PIMs would limit many processes. Therefore, biomass with small 

molecules can react instead of bigger molecules. Catalysts immobilised in PIMs can be 

reused and recovered, which is beneficial to certain types of processes. Biomass conversion 

into hydrogen peroxide has been shown for formic acid. Biomass conversion to hydrogen is 

feasible but difficult for molecules beyond formic acid. 
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8.2 Future Work 

Since two PIMs examples have been investigated in redoxcatalysis and investigation 

methods have been provided, it may be interesting to extend the research area to other types 

of microporous polymers or modified PIMs in order to get a deeper understanding of the 

mechanisms during catalytic processes. For example, cyanide groups in PIM-1 can be 

chemically modified into carboxyl groups, which could lead to different behaviours of the 

host polymer. Cross-linking could alter the microporosity and solubility of PIMs, which is 

critical, if controlled, to systematic studies on the role of PIMs in the catalytic processes. 

The exploratory methods presented in this thesis are limited. Due to the complex nature of 

the polymer composites, the real environments inside the micropores remains unsolved. 

Therefore, other powerful technologies and strategies may be required to get detailed 

information. For example, gas adsorption analysis could be employed to investigate the pore 

size distribution change of polymers before and after the immobilisation of species. In 

addition, inductive coupled plasma (or ICP) analysis could be used to identify trace amounts 

of the elements inside the polymer composites. 

Specific to the PdAu mixture demonstrated in Chapter 7, only one ratio of Pd to Au was 

investigated for hydrogen peroxide production activity. If one were to take this work forward, 

it would be intriguing to see how other Pd/Au ratios affect the mixture components and 

catalytic efficiency. It could also be interesting to apply this catalyst to other catalytic 

reactions, for example, in the oxidation of alcohols and carbohydrates, or CO2 reduction. 

More generally, PIMs could be applied as hosts for catalysis in a much wider range of 

applications. Nano particulate catalysts in PIMs are easily applied and recovered without 

complicated separation processes. Sensors or industrial catalytic processes could be 

improved. 
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