Journal of Catalysis 416 (2022) 253-266

Contents lists available at ScienceDirect %IOURNAL OF
CATALYSIS
Journal of Catalysis
journal homepage: www.elsevier.com/locate/jcat e
Artificial formate oxidase reactivity with nano-palladium embedded in N
intrinsically microporous polyamine (Pd@PIM-EA-TB) driving the H,O, - | %

3,5,3',5'-tetramethylbenzidine (TMB) colour reaction

Lina Wang?, Mariolino Carta®, Richard Malpass-Evans ¢, Neil B. McKeown ¢, Philip J. Fletcher ¢,

Pedro Estrela ®, Alberto Roldan ®*, Frank Marken

a,f,x

2 Department of Chemistry, University of Bath, Claverton Down, Bath BA2 7AY, UK

b Department of Chemistry, Swansea University, College of Science, Grove Building, Singleton Park, Swansea SA2 8PP, UK
€EaStChem School of Chemistry, University of Edinburgh, Edinburgh EH9 3F], UK

d Materials & Chemical Characterisation Facility (MC?), University of Bath, Bath BA2 7AY, UK

€ Department of Electronic & Electrical Engineering, University of Bath, Bath BA2 7AY, UK

fCentre for Biosensors, Bioelectronics and Biodevices (C3Bio), University of Bath, Bath BA2 7AY, UK

& Cardiff Catalysis Institute, School of Chemistry, Cardiff University, Main Building, Park Place, CF10 3AT Cardiff, UK

ARTICLE INFO

Article history:

Received 23 August 2022

Revised 20 October 2022

Accepted 8 November 2022
Available online 13 November 2022

Keywords:
Clark probe
Disinfection
Oxidase

Cavity catalysis
Bipolar catalyst
Nanozyme

ABSTRACT

Surface cavities formed by molecularly rigid polymers of intrinsic microporosity affect catalytic pro-
cesses. Palladium nanoparticles of typically 3 nm diameter are formed in an intrinsically microporous
polyamine (PIM-EA-TB) by borohydride reduction. These particles are shown to indirectly catalyse the
oxidative colour change of indicator dye 3,5,3’,5'-tetramethylbenzidine (TMB) in the presence of formic
acid via formation of H,0,. Investigation reveals that oxygen reduction on the palladium is rate limiting
with optimised H,0, production at approximately pH 3 to 4, and first order in formate, followed by
purely homogeneous TMB oxidation. The H,0, production is therefore studied separately as a
nanozyme-like catalytic process equivalent to formate oxidase reactivity, linked to the molecularly rigid
polyamine host (PIM-EA-TB) providing ammonium sites (in molecularly rigid surface cavities) that
enhance both (i) 2-electron formate oxidation and (ii) 2-electron oxygen reduction to H,0,. Beneficial
effects of hydrophobic ClOZ anions are noted as indirect evidence for the effect of ammonium sites in sur-
face cavities. A computational DFT model for the artificial formate oxidase reactivity is developed to
underpin and illustrate the hypothesis of PIM-EA-TB as an active catalyst component with implications

for future nanozyme sensor development.
© 2022 The Author(s). Published by Elsevier Inc. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

0, + H; (cofactor)=2H,0, (2)

Formate oxidase reactivity towards formic acid in nature [8] has

Mimicking enzyme processes is of considerable interest for
example in electroanalysis [1,2] and in biosensing [3]. Formate oxi-
dase enzyme reactivity is linked to the production of hydrogen per-
oxide, H,0,, via formate oxidation [4] (equation 1 and 2). The
hydrogen carrying cofactor in formate oxidase is FAD/FADH,. Due
to the significant range of applications of H,0,, this type and sim-
ilar peroxide producing enzymes/nanozymes [5] are of consider-
able interest [6,7].

HCOOH =CO0, + H; (cofactor) (1)

* Corresponding authors.
E-mail address: f.marken@bath.ac.uk (F. Marken).

https://doi.org/10.1016/j.jcat.2022.11.015
0021-9517/© 2022 The Author(s). Published by Elsevier Inc.

been discovered in aspergillus in 2009 as a FAD (chemically mod-
ified) cofactor dependent process [9]. It should be noted that there
are also related more common enzymes such as formate dehydro-
genase with NAD*/NADH cofactor [10]. The catalytic production of
H,0, from formic acid has been exploited and suggested to be use-
ful in a diverse range of synthetically relevant oxidation chemis-
tries [11]. It is interesting to mimic the formate oxidase
reactivity with chemically robust synthetic catalyst components.
Here, the reactivity toward formic acid of palladium nanoparticles
embedded into a polymer of intrinsic microporosity [12] host
(PIM) is investigated.

Polymers of intrinsic microporosity (or PIMs [13]) are based on
polymer materials with molecularly stiff backbone (see molecular

This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


http://crossmark.crossref.org/dialog/?doi=10.1016/j.jcat.2022.11.015&domain=pdf
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.jcat.2022.11.015
http://creativecommons.org/licenses/by/4.0/
mailto:f.marken@bath.ac.uk
https://doi.org/10.1016/j.jcat.2022.11.015
http://www.sciencedirect.com/science/journal/00219517
http://www.elsevier.com/locate/jcat

L. Wang, M. Carta, R. Malpass-Evans et al.

structure of PIM-EA-TB in Fig. 1B). The lack of polymer folding/
packing causes poor interactions in the solid state and therefore
(i) good processability and (ii) formation of highly porous materials
(for PIM-EA-TB typically 1000 m?g~! surface area, 1 cm®>g~! cumu-
lative pore volume, and typically 1 nm micropore size when dry
[14]). These rigid micropores are interesting in the context of catal-
ysis due to the stiff molecular backbone creating “surface cavity”
structures with effects on catalytic sites. Both molecular catalysts
[15,16] and nanoparticular catalysts [17,18] have been shown to
retain activity when immobilised into the PIM host material. The
molecularly rigid host has been proposed to embed the catalyst
with only weak molecular interactions and without capping the
active catalyst surface [19]. Here, palladium nanoparticles are
embedded into PIM-EA-TB and investigated in aqueous formic acid
containing solution. Screening of catalyst performance is based on
catalyst-coated Clark probes (Fig. 1A), revealing both oxygen and
hydrogen levels, and on H,0, detection.

Palladium nanoparticles are readily formed within microporous
polyamines when adsorbed palladate PdCIZ [20] is reduced with
borohydride. In a recent report [21], it was shown that Pd@PIM-
EA-TB was produced with typically 3 nm diameter palladium
nanoparticles embedded into the polymer film. In the presence of
formic acid, these nanoparticles form hydrogen peroxide (in the
presence of low concentration of HCOOH) and hydrogen (in the
presence of higher concentrations of HCOOH). The rate of H,0,
production was reported to be sensitive to reaction conditions
and to the presence of additional metals such as gold [22]. In fact,
palladium-gold catalysts in the presence of H,0, have been shown
to very reactive even towards inert molecules such as methane
[23]. Here, the direct effects of the PIM-EA-TB host material on
the catalytic reaction are investigated more closely. Nanozyme
reactivity related to formate oxidase is suggested with the PIM-
EA-TB creating catalytic cavities with palladium and taking an
active role in the mechanism due to tertiary amine sites in proxim-
ity of the palladium surface.

Nanozymes [24,25] are non-biological catalysts that mimic bio-
logical reactivity and have attracted considerable attention for
applications where biological enzymes (often less robust) can be
replaced with an artificial catalyst with chemically robust proper-
ties. Nanozyme applications include electrochemical biosensors
[26], in point-of-care diagnostics [27], in food safety [28], and in
environmental analysis [29]. Nanozymes have been employed pre-
viously for the 3,5,3,5'-tetramethylbenzidine (TMB) colour reac-
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tion [30]. Glucose oxidase mimicking nanozymes with TMB
colour response have been reported [31,32]. Palladium nanoparti-
cles have been reported as peroxidase mimics in TMB sensors for
antioxidants in fruit juice [33].

In this report, the immobilisation and reactivity of a Pd(0) cat-
alyst into the micropores of molecularly highly rigid host (PIM-
EA-TB) is investigated. Based on Clark probe measurements and
mass spectroscopy, it is shown that in a single process Pd@PIM-
EA-TB catalysts react with formic acid and oxygen to give hydrogen
peroxide. The combination of Pd nanoparticles and PIM-EA-TB is
shown to operate most effectively in the pH range 3-4. A DFT
model is employed to rationalise H,O, production processes within
the Pd@PIM-EA-TB catalyst and to underpin the hypothesis of a
direct role of PIM-EA-TB in the catalytic cycle. The hydrogen perox-
ide can then drive reactions such as the solution oxidation of
3,5,3',5'-tetramethylbenzidine (TMB) to give a blue colour
response, which is useful for example in sensing. This process is
optimised by dye accumulation into Nafion ionomer and could
be of future interest in immuno-assays and colorimetric sensing.

2. Methodology
2.1. Reagents

PdCl, (99 %), HCI (ACS reagent, 37 %), NaBH, (powder, 98 %),
HCOOH (96 %, ACS Reagent), 3,3',5,5'-Tetramethylbenzidine
(TMB, >99 %), H3PO4 (85 wt% solution, ACS Reagent), NaH,P0O4
(99 %), NaCOOH (ACS reagent, >99.0 %), p-nitrophenylboronic acid
(>95.0 %), NayCO3 (powder, > 99.5 %, ACS Reagent), and What-
man® nitrocellulose membrane filters (gridded white, pore size
0.45 pm) were products of Sigma-Aldrich. Acetic acid (CH;COOH,
>99 %) was the product of Fisher Scientific. Hydrogen peroxide
(H505, ACS Reagent, 30 wt% in H,0) and dimethyl sulfoxide (DMSO,
for HPLC, >99.7 %) were purchased from Honeywell. NaHCO3;
(>99.7 %) was bought from Fluka. PIM-EA-TB was synthesised fol-
lowing the method of a previous paper [34]. Nylon mesh from
75 um diameter Nylon was purchased from Amazon.com (Therpin
reusable Nylon fine mesh food strainer bag). A Fisherbrand univer-
sal indicator pH paper (pH 1-14) was used to roughly adjust the pH
of test solution in the H,0, quantification procedure. Filter paper
(Whatman™, pore size < 2 pm) was ordered from GE Healthcare
Life Sciences.

... » Ag/AgCl electrode

(B)

OOy

PIM-EA-TB

Fig. 1. (A) Schematic of a Clark probe for sensing oxygen or hydrogen. (B) Molecular structure for PIM-EA-TB.

254


http://Amazon.com

L. Wang, M. Carta, R. Malpass-Evans et al.
2.2. Instrumentation

Ultra-pure water (resistivity not<18.2 MQ cm at 20 °C) used in
this work was purified by a Thermo Scientific water purification
system. The pH of the buffer solution was measured by a pH meter
(Jenway 3505). Clark probe (HI76407) and concentrated KCl solu-
tion (HI7041S) were purchased from HANNA Instruments ltd.,
UK. Hydrogen production and oxygen consumption were moni-
tored by chronoamperometry using a potentiostat (Metrohm
pHAutolab II). To evaluate the morphology and elemental distribu-
tion of the product, 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 mm? Ultim Max EDX) were applied. More information about
particle size and distribution of Pd particles were obtained from a
transmission electron microscope (TEM, JEOL JEM-2100PLUS). A
liquid chromatography-mass spectroscopy (LC-MS) technique
with an Agilent 6545 Accurate-Mass Q-TOF LC/MS system was
used for the quantification measurement of the H,0, product.

2.3. Procedures

Nylon disk substrates for catalysts. Commercial Nylon mesh
(75 wm threads, woven, with approx. 130 pm x 130 pm open
holes; approx. 200 um pitch cheesecloth bag for straining almond/
soy milk, XelNaga, Amazon.com) was cut into round disks with
8 mm diameter as the substrate for catalyst deposits. Then,
20 pg of PIM-EA-TB (1 mg/mL in chloroform) was drop-cast on
both sides of the Nylon disk. After chloroform evaporation, the disk
with PIM-EA-TB coating was immersed in 5 mg/mL PdCl, in 1 M
HCI solution for 1 h. Under these conditions predominantly PdCl3
is formed [35]. A visible colour change to orange occurs due to
PdCIZ binding. Then the disk was rinsed with water and placed
into aqueous NaBH, solution (5 mg/mL, freshly made) for 20 h in
a refrigerator at 4 °C. A dark product containing Pd nanoparticles

(A) .

PIM
1) —-

(B)

Nylon mesh

PIM EA-TB coating

Journal of Catalysis 416 (2022) 253-266

immobilised into PIM-EA-TB was formed as illustrated in Fig. 2A.
Fig. 2B shows the SEM and corresponding EDX elemental mapping
for the product of PA@PIM-EA-TB on the Nylon mesh. The PIM-EA-
TB appears to coat uniformly on the Nylon mesh as evidenced by
nitrogen elemental distribution consistent with the position of
Nylon. The distribution of Pd reveals where the PIM-EA-TB is
located, suggesting uniformly distributed particles embedded in
PIM-EA-TB. The morphology of the film is characterised by FESEM
as shown in Fig. 2C. The film-like deposit is composed of some
small particles with sizes of typically tens of nanometers probably
caused by aggregation of polymer during deposition.

In order to investigate Pd nanoparticles within PIM-EA-TB, sam-
ples were ultrasonicated in isopropanol to separate the Pd@PIM-
EA-TB polymer film from the Nylon substrate. The TEM images in
Fig. 3 indicate that Pd nanoparticles with mean particle size of 3.
0 = 0.1 nm are formed embedded in the microporous PIM-EA-TB
film.

Hydrogen peroxide detection. Hydrogen peroxide quantifica-
tion was carried out following a previously reported method
[21]. Briefly, H,O, reacts with p-nitrophenol boronic acid stoichio-
metrically in alkaline conditions and produces p-nitrophenol. The
amount of p-nitrophenol is then detected and analysed using a
LC-MS system (Agilent 6545 Accurate-Mass Q-TOF LC/MS system).
Thus, with a calibration curve the concentration of H,0, is
obtained.

Colorimetric assay based on TMB. All colorimetric experi-
ments related to TMB were carried out in the dark and at room
temperature. The reagents (TMB, formic acid, sodium formate,
hydrochloric acid, perchloric acid, catalyst on Nylon mesh sub-
strate, etc.) were placed into a glass vial (typically 10 mM HCOOH,
pH 3.75, 580 uM TMB, 33 % DMSO, with a solution volume of 11 mL
in total). Colour changes in the vials were monitored/recorded pho-
tographically over time.

The TMB colour response was amplified by accumulation
onto a strip of filter paper (7 x 1.8 cm?) by stamping
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Fig. 2. (A) Illustration of the Nylon impregnation with PIM-EA-TB followed by binding of PdCI~ and borohydride reduction. (B) Scanning electron microscopy image (back
scatter mode) and EDX mapping for C, O, N, and Pd. (C) 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.
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Fig. 3. Transmission electron microscopy (TEM) images for PdA@PIM-EA-TB. (A) Pd nanoparticles distributed in PIM-EA-TB. (B, C) Higher magnification images show particles
with 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.

Pd(111)

Fig. 4. Schematic representation of the PIM-EA-TB fragment on its most favourable
adsorption configuration on a p(5x5) Pd(111) supercell. Distances are given in A.
Grey, brown, pale blue and white balls indicate Pd, C, N and H atoms respectively.
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

(https://www.getstamped.co.uk) a solution of 100 pL solution mix-
ture of 80 wt% Nafion (5 % solution, Sigma-Aldrich) and 20 wt% 1-
butanol (ACS reagent, >99.4 %, Sigma-Aldrich).
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Computational Details. We have carried out spin-polarised
density functional theory (DFT) calculations using the Vienna Ab
initio Software Package (VASP [36]) to investigate the HCOOH
decomposition and H,0, formation on Pd particles in presence
and absence of PIM-EA-TB. The method offers a good compromise
between 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 gen-
eralized gradient approximation (GGA) with the revised functional
of Perdew-Burke-Ernzerhof (RPBE [37]). The core electrons were
described using the Projected Augmented Wave (PAW) formalism
[38], and a kinetic energy cutoff of 450 eV was chosen for the
valence electron plane-wave basis set. The Brillouin zone was sam-
pled with a k-spacing of 0.2 A™!. The convergence criteria were set
to —0.03 eV A~ for the ionic and 107 eV for the electronic thresh-
old. The zero-damping Grimme’s empirical correction (D3)
accounted for the long-range dispersion interactions [39]. Appro-
priate dipole corrections were used perpendicular to the surfaces
upon molecular adsorptions. The solvent effect of water was calcu-
lated by an implicit polarised continuum model (PCM), which
describes the interaction between a solvent and solute in plane-
wave DFT [40,41] without adding explicit water molecules to the
model.

The Pd surface is represented by a slab model 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. The
dimension of the supercell is of p(3x3) for bare Pd and p(5x5) for
the absorbed PIM-EA-TB fragment. A vacuum of 15 A perpendicu-
lar to the surface was added to eliminate the interaction between
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periodic images. The PIM-EA-TB fragment was placed with the ring
parallel and perpendicular to the surface. The ring parallel to the Pd
(111) results in an interaction 0.61 eV more stable than the ring
perpendicular (see Figure S1). Isolated molecules were placed in
an asymmetric simulation cell large enough to avoid any spurious
interaction with periodic images. The adsorption energies (E.qs)
were calculated using equation 3, where Egysem is the energy of
the adsorbate on the slab, Egj,, and Epolecule are the energy of the
clean surface (without PIM-EA-TB) and the energy of the isolated
adsorbate.

Eags = Esystem - (Eslab + Emolecule) (3)

The reaction energy of each reaction step (ER) is given by the
difference between the final and the initial state energies. We com-
bined the climbing-image nudged elastic band (CI — NEB [42,43])
and the improved dimer method to find the saddle points of the
transition states (TS) structures, linking the minima across the
reaction profile [44]. All states have been characterized using
vibrational analysis and confirmed that only TS have a single imag-
inary frequency. We defined the activation barrier (E4) as the
energy difference between the initial and the transition state ener-
gies. All energies reported are corrected with the vibrational con-
tribution at zero Kelvin, i.e., the zero-point energy.

3. Results and discussion

3.1. Pd@PIM-EA-TB reactivity I.: Colorimetric evidence for H>0,
production from formic acid and oxygen

Colorimetric assays based on 3,5,3',5'-tetramethylbenzidine
(TMB) reactivity towards H,0, are commonly employed in sensor
systems [45]. Josephy et al. have reported aspects of the fundamen-
tal mechanism to explain the reactivity of TMB [46]. Based on this
work, TMB reactivity and colour responses can be summarised in a
reaction scheme [47] (Fig. 5A) based on two sequential one-
electron oxidation processes. Colourless TMB is oxidised to the
TMB** radical, which is suggested to dimerise (with loss of a pro-
ton) into a blue charge transfer complex. The second oxidation
leads to a yellow product (the diimine), which is often employed
to quantify the reaction (e.g., quantifying the presence of H,0,)
after addition of acidic stop solution. A green coloration is

(A) H3GC CHj3 (
HaN O NH»
H3C CHj3
Amax = 285 nm colourless l.c-
H3C CHj3
e Yo"
CH3 |~
H3C CH3
—
Ea O O NH S0 e CH
HN NH
H3C CH3
Tl‘c- }‘.n]ax = 370‘ 652 nm blue
H3C H3

N (N 2

H3C CH3
Amax =450 nm yellow

Fig. 5. (A) Reaction scheme for the TMB colour reaction induced by oxidation [29]. (B

Journal of Catalysis 416 (2022) 253-266

commonly observed when both the charge transfer complex and
the diimine are present.

Fig. 5B shows the time dependent development of colour for
TMB in the presence of 0 mM to 100 mM formic acid. A Nylon disk
with PA@PIM-EA-TB catalyst was present during this reaction. A
colour response is indicative for H,O, production at the Pd catalyst.
Both the formic acid concentration and the pH could affect these
processes. A strong colour response is observed at approx.
10 mM formic acid concentration. The function of the Pd catalyst
may be associated with several of the reaction steps. The peroxi-
dase activity of Pd [48] or other catalyst materials [49] catalysing
the reaction of TMB with H,0, has been well documented. How-
ever, the molecular size of TMB is considerable (relative to the
other reagents and relative to the micropore size in PIM-EA-TB)
and therefore in this case permeation TMB or reaction intermedi-
ates/products into the micropores of the microporous PIM-EA-TB
may be extremely slow or impossible. In fact, here the Pd catalysis
for TMB oxidation can be ruled out (vide infra).

Next, in order to explore pH effects, a solution of 10 mM for-
mate/formic acid is employed and only the pH is varied (Fig. 6A).
A pattern emerges where pH 3 or pH 3.5 give significant colour
responses. Therefore, both the pH and the formate/formic acid con-
certation affect the overall reaction. A mildly acidic pH value
between 3 and 4 appears to be most effective (although the rea-
sons for this need further exploration).

There are several possible reasons for these effects and the reac-
tion needs to be dissected and studied in two separate stages
(Fig. 6C): (Process I) the production of H,O, and (Process II) the
oxidation of TMB in the presence of H,0,. Fig. 6B shows that there
is considerable reactivity for TMB and H,0, in 10 mM formic acid
as well as in 10 mM acetic acid in the absence of Pd@PIM-EA-TB
(possibly involving peroxoformate or peroxoacetate). Peroxoformic
acid has been employed in the past in lignin bleaching and deligni-
fication processes [50] as well as for epoxidation of natural oils
[51,52]. Peroxoformic acid for epoxidation reactions is formed
when combining formic acid and hydrogen peroxide in an equilib-
rium [53,54]. Similar reactivity in perchloric, hydrochloric, or phos-
phoric acid is less obvious, although phosphoric acid at pH 4.5
(NaH,PO,) also triggers a weak TMB colour change (Fig. 6B). The
mechanistic details for this TMB oxidation in the absence of inten-
tionally added catalyst are currently not clear, but this result
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0 mM § m\l 10 mM 20 mM 50 mM lUO mM
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) Effect of concentration of formic acid on TMB reactivity in the presence of PA@PIM-EA-

TB. Photographs are shown of vials with 580 uM TMB in different concentration of formic acid ranging from 0 to 100 mM (stirred in the dark, 16 % DMSO to aid solubility) as a

function of reaction time.
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Fig. 6. (A) Effect of pH values on TMB reactivity. Photographs of 580 uM TMB in 10 mM HCOOH/HCOONa with a pH value ranging from 3 to 6.5 in the presence of PdA@PIM-
EA-TB (stirred in the dark, 16 % DMSO) as a function of reaction time. (B) Effect of acids on H,0, catalysis for TMB. Photographs of 580 M TMB in 10 mM H,0; in the presence
of 10 mM formic, acetic, perchloric, phosphoric, hydrochloric acid, and for 10 mM NaH,PO,4 (reaction time 2 h, no catalyst, 16 % DMSO to aid solubility). (C) Illustration of the
TMB oxidation process in the presence of PA@PIM-EA-TB and HCOOH: Pd catalysed formation of H,0, (Process I) followed by homogeneous oxidation of TMB (Process II).

[llustration of Pd atoms not to scale.

suggests that TMB does not have to permeate through micropores
to interact with the PdA@PIM-EA-TB catalyst in order to produce a
colour reaction. The molecular structure of TMB (Fig. 6C) would
suggest a considerable size and therefore very slow transport (if
any) in the micropores of the polymer of intrinsic microporosity.
Process II is therefore considered to be essentially homogeneous
and separate from Process I, which requires the catalysis at
Pd@PIM-EA-TB. Next, Process I and the formate oxidase reactivity
of PA@PIM-EA-TB are further investigated in the absence of TMB.

3.2. PAd@PIM-EA-TB reactivity II: Formate oxidase reactivity

Fig. 7A shows that the production of H,0, with PdA@PIM-EA-TB
in aqueous 20 mM formic acid is effective and essentially constant

over 3 h reaction time (with stirring). When exploring the effect of
formic acid concentration (at 2 h reaction time; see Fig. 7B) a
“switch-on” effect is noted close to 10 mM HCOOH with the
H,0, production rate approaching a plateau at higher formic acid
concentrations. This plateau in H,O, production could be linked
to a kinetic limit (Michaelis-Menten effects or a micropore mass
transport effect) for the process in PA@PIM-EA-TB, or it could be
linked to the pH in the solution phase (which is more likely, vide
infra). Data in Fig. 7C are obtained at constant pH of 3.75 and with
varying formate/formic acid concentration. Clearly, the hydrogen
peroxide production process is first order in formate/formic acid
and not limited at fixed pH. Therefore, the plateau in data in
Fig. 7B must be linked to the pH rather than to reagent binding
or transport. This could be linked, for example, to the protonation

" 140 ]
125 (A) ol ® - | ®© -
160
=100 - = 100, . Z
= = 80 . 21201
C?\. 751 L] ON 80 L ql -
- = 601 Ty
5 501 5 5 80 »
" Sl 40
254 - 20 n g -t
0 30 60 90 120 150 180 0 20 40 60 80 100 0 20 40 60 80 100
Reaction time / min ¢(HCOOH) / mM ¢(HCOOH/NaCOOH) / mM

Fig. 7. (A) Plot of H,0, concentration as a function of time (one Nylon disk modified with PdA@PIM-EA-TB in 10 mL stirred solution) for 20 mM formic acid concentration. (B)
Plot of H,0, concentration after 2 h reaction (one Nylon disk modified with PdA@PIM-EA-TB in 2 mL stirred solution) as a function of formic acid concentration. (C) Plot of H,0,
concentration after 2 h reaction (one Nylon disk modified with PdA@PIM-EA-TB in 2 mL stirred solution) as a function of formic acid concentration at fixed pH of 3.75.
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of PIM-EA-TB (with pKs ~ 4 [14]) switching on the enhanced cat-
alytic process.

These data suggest that the formate/formic acid concentration
is key to driving the H,0, production, but only if the pH is in the
right range (between pH 3 and pH 4). This pattern of reactivity
could be reflected also in other types of processes at the confined
palladium catalyst particles. Important pH-dependent reactions
here are (i) the consumption of O,, (ii) the production of H,0,,
(iii) the production of H,0, and (iv) the production of H, and CO,
from HCOOH (see Fig. 8A). Both oxygen consumption and hydro-
gen production can be conveniently monitored with Clark probe
measurements [18]. Fig. 1A shows an illustration of the Clark probe
with the catalyst (immobilised on a Nylon disk substrate) attached
to the Teflon membrane outer surface. An applied potential of
—0.7 V vs Ag/AgCl allows oxygen detection and an applied poten-
tial of + 0.6 V vs Ag/AgCl allows hydrogen detection [21].

Fig. 8B shows combined data for oxygen consumption (negative
current data) and for the production of hydrogen (positive current
data). With a constant pH of 3.75, there is a transition at a concen-
tration of approx. 10 mM formate/formic acid for both oxygen con-
sumption (a plateau reading is observed at higher concentrations)
and for hydrogen production (hydrogen production increases). In
view of these data, it seems likely that a balance exists of H,0,,
H,0, and H, production. Oxygen is not fully consumed by the
embedded catalyst, but hydrogen production is observed. In con-
trast to the conditions for catalysis in stirred solution (with the
Nylon substrate floating in solution), at a Clark probe the solution
is stagnant and locally mass transport of oxygen is therefore

H2 Hy0 H,0, CO2

200
@
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=l .
1201 =
ON
= R0
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404
©)
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pH
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slower. As a result, hydrogen production is more likely at the Clark
probe and less likely in the stirred reaction. In the stirred catalyst
solution, H,0, production should ultimately cease at higher for-
mate/formic acid concentration but due to stirring this may only
happen beyond the range shown in Fig. 7C (100 mM).

Further data from Clark probe experiments are shown in
Fig. 8D. The pH is varied with a constant formate/formic acid con-
centration of 50 mM. The consumption of oxygen appears rela-
tively constant over the pH range 2.5 - 6.5. However, the
production of hydrogen peaks between pH 3 and pH 4. Therefore,
making the solution more acidic will enhance hydrogen produc-
tion, but, beyond pH 3, the presence of acid has a detrimental effect
on hydrogen production. These phenomena are complex but could
be connected to the presence of the PIM-EA-TB as a confined reac-
tion space around the Pd nanoparticle catalyst (vide infra). The
reduction of oxygen could be beneficially affected by protonation
of PIM-EA-TB (providing a catalytic reaction site in the vicinity of
the proton). In contrast, the reaction of formic acid might require
the amine binding site in PIM-EA-TB (to receive a proton during
hydrogen and carbon dioxide production). The binding ability of
PIM-EA-TB towards protons and/or formic acid can be affected by
additional anionic species such as hydrophobic perchlorate anions.
Therefore, perchlorate is employed here to probe catalytic “cavity
effects” in the PIM-EA-TB.

The effects of perchlorate are investigated as a probe for the
effects of the PIM-EA-TB protonation on the catalytic formate oxi-
dase reactivity. Perchlorate anions are known to be readily incor-
porated into PIM-EA-TB when the protonation of tertiary amine
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Fig. 8. (A) Schematic reactions at Pd nanoparticles. (B) Effect of concentration of HCOOH at a fixed pH 3.5 on H; and O, levels. Plot of approximate Clark probe H, response
(blue) and O, consumption response (black) versus formic acid concentration at pH of 3.75. (C) Plot of H,0, concentration formed at PdA@PIM-EA-TB in the presence of 50 mM
HCOOH (or HCOONa) with/without 50 mM HClO4 (or NaClOy) as a function of pH. Data sets for 2 mL stirred solution without ClOg (black), with ClOz (blue) after 2 h reaction
time. (D) Plot of Clark probe H, and O, responses in the presence of 50 mM HCOOH (or HCOONa) with (blue) or without (black) 50 mM ClO3 as a function of pH. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Table 1
DFT data for activation (E,) and reaction (Eg) energies for the H,0, formation on PIM-
EA-TB fragment/Pd(111) and on pristine Pd(111). Note that “*” indicates bound
species.

PIM/Pd(111) Pd(111)

En [eV Eg [eV Ea [eV Eg [eV
0,(g) — 05 - —0.80 - —-0.56
0, + H* — HOO* 0.15 —0.09 0.66 —-0.26
HOO* — HOOH* 0.11 0.04 0.75 -0.11
HOOH" — H,0,(g) - +0.72 - +0.35

sites occurs [55]. Therefore, it is anticipated that perchlorate will
enhance protonation of the amine sites as well as suppressing
the binding of formic acid. When investigating the effect of pH
on H,0, production with 50 mM formate/formic acid and 50 mM
perchlorate, no difference is seen in the pH range > 4 (Fig. 8C). Only
at pH 4 and below a significant increase in H,O, production with
perchlorate is noticed. Protonation of PIM-EA-TB will occur at
pH <4, and the presence of Cl103; anions seems to affect the produc-
tion of H,0, beneficially. It can be suggested (tentatively) that the
presence of ClOz; anions will lead to a higher population of proto-
nated tertiary amines without coordination of HCOO™. This could
lead to two effects: (i) the positive charge on the protonated amine
can assist in the reduction of oxygen and (ii) the absence of the
bound formate can lower the production of hydrogen. Both effects
are seen in data in Fig. 8C and 8D. A comparison of reactivity of only
PIM-EA-TB on Nylon, of PdA@PIM-EA-TB, of Pd nanoparticles extracted
from Pd@PIM-EA-TB, and of a Pd film (25 mm thick, 5 mm x 5 mm
area) is shown in Figure S2 demonstrating that PdA@PIM-EA-TB at pH
3.75 is the most effective catalyst. In addition, the effect of pH on
H,0, production offers further direct supporting evidence for the
beneficial effect of the host polymer on the reaction.

When investigating the consumption of oxygen and the produc-
tion of hydrogen with a Clark probe (Fig. 8D), the addition of ClO3
clearly leads to a suppression of the hydrogen production in the pH
range from 3 to 4. This can be considered as evidence for the effect
of the protonated amine sites in PIM-EA-TB contributing to the cat-
alytic mechanism, but experimentally the conditions within the
microporous catalyst are difficult to explore. Therefore, we
employed a DFT “cavity model” analysis to better envisage and
understand reactions during hydrogen peroxide and hydrogen pro-
duction in the PdA@PIM-EA-TB nanozyme cavity.
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Table 2

Summary of DFT data for activation (Ex) and reaction (Eg) energies for the HCOOH
decomposition on PIM-EA-TB fragment/Pd(111) and on pristine Pd(111). The i
superscript is employed to indicate that the H transferred to the Pd(111) surface or
the PIM-N;. Note that “*” indicates bound species.

PIM-EA-TB Pd(111)

fragment/Pd(111)

Ea [eV Er [eV Ea [V Er [eV
HCOOH(g) — HCOOH* - -0.35 - ~0.41
HCOOH* — HCOO* + H** 0.02 —0.52 0.23 -0.11
HCO0" — COj + 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* — CO5 + H 0.19 -0.15 0.73 +0.02
COOH* — CO* + OH* 0.88 -0.25 0.83 -0.26

3.3. Pd@PIM-EA-TB reactivity Ill.: Nanozyme cavity effects probed by
DFT

We carried out a computational mechanistic investigation at
the PIM-EA-TB/Pd(111) interface to reveal further kinetic aspects
for the hydrogen peroxide production upon dehydrogenation of
formate/formic acid. The DFT approach is performed at high level
with consideration of solvation effects. However, approximations
are required for example when choosing the palladium metal sur-
face sites, by selecting the polymer fragment, and by working at
absolute zero temperature. Nevertheless, the DFT calculations are
important as a tool to assess reaction path energetics and for future
prediction of polymer cavity systems in catalytic reactions. For the
calculation, a PIM-EA-TB fragment (Fig. 4) was selected. Among the
various PIM-EA-TB fragment - Pd(11 1) interactions explored here,
the structure depicted in Fig. 4 is the most stable, with an adsorp-
tion energy of —2.09 eV in the p(5x5) supercell. Both nitrogen
atoms in the PIM-EA-TB fragment structure can be protonated.
However, N; (in Fig. 4) has a hydrogenation/protonation energy
of —0.51 eV, 0.16 eV more favourable than on the N, site (note that
in the DFT model, protonation is equivalent to hydrogenation with
the electron going into the conduction band). In fact, the formation
of N;H" is as favourable as hydrogenating the pristine Pd(111) sur-
face (E,gs = —0.51 eV). Therefore, we considered N; as the active
amine group for both, the catalytic O, hydrogenation reaction
and the catalytic HCOOH dehydrogenation reaction.
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Fig. 9. Energy profile for the formation of H,0, from O, on pristine Pd(111) and on PIM-EA-TB fragment/Pd(111). Inset values indicate the activation energies (Ea) of
elementary steps. Letters a-e represents the surface intermediates as depicted in Figure S3. The last step indicates the H,0, energy in the gas phase relative to reactants.
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Oxygen Reduction to H,0,. Starting from the protonated
amine site in the PIM-EA-TB fragment (Fig. S3a), we simulated
the co-adsorption of molecular oxygen on the Pd(111) surface.
The molecular oxygen adsorption is energetically favourable (E,q4s =
—0.67 eV) and becomes more exothermic as the O, approaches to
the protonated N; (E.qs = —0.80 eV at 2.637 A from N;H; Fig. S3b).
The 0—O stretching mode (vo_o) changes from 1563.4 cm ™! in the
gas phase t0 918.9 cm~! when 0, is co-adsorbed but still at 3.061 A
from N;H. The vo_o vibration shifts to 865.9 cm~! in intermediate
b. Upon overtaking an activation energy of 0.15 eV, the first hydro-
genation of molecular oxygen (Fig. S3c) takes place (Eg = —0.09 eV)
decreasing even further vo_o to 532.5 cm~'. The slightly acidic
solution (3 < pH < 4) regenerates N;H (Fig. S3d) and a slightly
endothermic second hydrogenation forms H,0, after overcoming
an activation energy of 0.11 eV. Adsorbed H,0-, (Fig. S3e) presents
a stretching frequency of 718.1 cm™! and is located at —1.37 eV
below the energy reference, i.e., PIM-EA-TB fragment, molecular
hydrogen, and molecular oxygen. H,0, requires +0.72 eV to desorb

261

from the PIM-EA-TB fragment/Pd(111) surface. The gas phase
H,0, presents an 0—O0 distance of 1.492 A with 0—O stretching
of 890.6 cm™!, which compare very well with the benchmark
(1.475 A and 877 cm ™) [56,57].

With the aim to highlight the importance of PIM-EA-TB in the
catalytic process, we calculated the H,0, formation on pristine
Pd(111) using the same computational approach. The results
obtained are in good agreement with previous computational stud-
ies, considering the differences in functional and long-range energy
contributions.[58] Table 1 summarises the energies along the reac-
tion pathway, Fig. 9 summarises the energy profile of the O,
adsorption and hydrogenation to form H,0,, and the optimised
structures on pristine Pd(111) are depicted in Figure S3 including
insets of the key interatomic distances and angles.

The presence of PIM-EA-TB on the Pd surface significantly sta-
bilises the co-adsorption of molecular oxygen (b), the HOO interme-
diates (¢ and d), and H,0, (e) leading to lower hydrogenation energy
barriers compared to those on pristine Pd(111) by > 0.5 eV. These
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Fig. 11. (A) Effect of HCOOH/HCOONa concentration at pH 3.75 on TMB reactivity. Photographs of 580 uM TMB the absence of PA@PIM-EA-TB (stirred in the dark, 33 % DMSO)
as a function of reaction time-H,0, was added to reflect reactivity as in data presented in Fig. 7C: blank: no H,0,, 5 mM: 33 uM, 10 mM: 41 puM, 20 mM: 59 uM, 50 mM:
111 pM, 100 mM: 198 pM H,0,. (B) Photographs of 580 uM TMB the presence of PA@PIM-EA-TB (stirred in the dark, 33 % DMSO) as a function of reaction time-H,0, was

generated in situ.

results suggest that the dispersion of Pd(111) catalyst in the micro-
porous structure of PIM-EA-TB is very likely to promote the forma-
tion of hydrogen peroxide. The cavity formed by PIM-EA-TB on the
palladium surface is likely to enhance reaction rates. Note that we
have not calculated side reactions for the H,0, decomposition which
may also be affected by the presence of PIM-EA-TB.

Formic Acid Dehydrogenation to CO,. To further define the
role of PIM-EA-TB on formic acid decomposition, DFT calculations
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were performed in which the protonation of N; in the PIM-EA-TB
fragment structure occurs. We carried out a mechanistic investiga-
tion on the HCOOH dehydrogenation process on palladium assess-
ing the effects of PIM-EA-TB. It has been reported previously that
the HCOOH decomposition on palladium may take different path-
ways forming either CO, (Pathway 1) or CO (Pathway 2) [59-62].

HCOOH — CO, + H,AG = —48.4kjmol ' (Pathway1)
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HCOOH — CO + H,0AG = —28.5kjmol ' (Pathway2)

Although the behaviour of formic acid molecules is dependent
on the solution pH, we started the molecular decomposition on
Pd(111)in its acid form (HCOOH, Fig. S4a). The molecule transfers
exothermically its acidic proton to either the naked surface (Eg =
—0.11 eV) or preferably to the amine group in the co-adsorbed
PIM-EA-TB fragment (Eg = —0.52 eV) leaving formate (HCOO*) on
the palladium surface (Fig. S4b). In addition to the HCOO* decom-
position, we also explore the formation and decomposition of the
carboxylic surface species (COOH*; Fig. S4c) showing exothermic
formation energy. Activation and reaction energies are sum-
marised in Table 2 and an atomistic representation including key
distances is provided in Figure S4.

The decomposition of HCOO* (b) in presence of the PIM-EA-TB
fragment leads to adsorbed CO,* + H* (d) upon overcoming an
energy barrier of 0.42 eV (Eg = —0.65 eV). The same b species
may dissociate to HCO* + O* (e), although a higher energy barrier
and endothermic character make this process unlikely; further
dehydrogenation of e would lead CO*. Similarly, COOH* (¢) is more
likely to decompose into d rather than on CO* + OH* (f), which,
although slightly more exothermic than the former by 0.10 eV,
has a formation energy barrier of 0.88 eV, then kinetically inhibit-
ing CO* formation.

On the naked Pd(11 1) surface, the decomposition of HCOO* (b)
and COOH* (c) follow the same pathways than those on PIM-EA-TB
fragment/Pd(111). Formate (b) leads to CO,* + H* (d) because
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HCO* + O* (e) is energetically unfavourable. However, exothermic
CO* formation from ¢ competes with d, which has a slightly
endothermic formation energy but an activation barrier of only
0.10 eV (lower than that for f). The energy differences in the
PIM-EA-TB presence and absence are clearly expressed by the
energy profiles in Fig. 10A and 10B. Although the difference in
overall activation energy is relatively small (0.15 eV), the most
likely reaction pathway in the presence of PIM-EA-TB appears to
be O—H dehydrogenation followed by C—H dehydrogenation.

The adsorbed CO on Pd(111) is well-known to poison the cata-
lysts surface leading to its deactivation. However, there is no activ-
ity depletion observed in the experiments performed here with
palladium embedded into microporous PIM-EA-TB. The simulation
results imply that the role of the microstructure surrounding Pd
nanoparticles not only facilitates the formic acid decomposition
to H, and CO,, but it might also be promoting the mechanism lead-
ing to CO, (Pathway 1) and suppressing formation of CO (Pathway
2), thereby preserving the Pd catalytic activity from declining due
to CO poisoning.

3.4. PA@PIM-EA-TB reactivity IV.: TMB oxidation in the presence of
perchlorate

Having investigated Processes I and Il individually (see Fig. 6C),
it is now possible to re-examine the TMB colour reaction driven by
H,0, production. Fig. 11 shows data for the reaction of TMB with
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reaction time.

H,0,, but without PA@PIM-EA-TB catalyst-H,0, is added at a level
to mimic the catalytic reaction and the formation of the blue colour
is observed clearly at 10 mM formate/formic acid pH 3.75 and
higher. The same reaction in the presence of PdA@PIM-EA-TB and
absence of added H,0, produces a similar pattern of colour starting
at 10 mM, but a marked loss of TMB oxidation takes place at
50 mM and 100 mM formate/formic acid. The production of H,0,
is unlikely to cease under these conditions, but the presence of
hydrogen and possibly trace Pd(Il) in the solution phase could
adversely affect the TMB colour reaction at higher formate/formic
acid concentration.

Next, the TMB colour reaction is investigated with Pd@PIM-EA-
TB as a function of pH for 50 mM formate/formic acid. Fig. 12
shows the formation of a blue-green product (a mixture of blue
mono- and yellow di-oxidised TMB) in the range from pH 2.5 to
3.5. At less acidic pH the production of H,0, is less effective and
the colour is not produced. In the presence of perchlorate, a very
similar pattern of reactivity is observed except that the blue colour
is clear, and a blue precipitate is formed likely to be the blue TMB
dimer (possibly protonated) as a perchlorate containing salt.

Although perchlorate is likely to produce higher concentration
of H,0,, the effect on the colour reaction is not dramatic. Similar
levels of coloration are observed in the presence (Fig. 12A) and in
the absence (Fig. 12B) of perchlorate. However, the colour appears
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to be deeper blue in the presence of perchlorate compared to more
green as observed in the absence of perchlorate. Importantly, the
colour reaction is different due to precipitation of the blue product
in the presence of perchlorate. A precipitation or accumulation of
the blue colour can be very useful for reproducibility and sensor
effective read-out. Therefore, the optimised colour response with
accumulation of the blue product into an indicator strip is investi-
gated next.

3.5. PA@PIM-EA-TB reactivity V.: optimized TMB colour reaction

The precipitation of a blue product due to TMB oxidation in the
presence of perchlorate anions strongly suggests a cationic blue
product (compare mechanism in Fig. 4A). In order to collect this
blue cationic product and to product a stronger colour change,
Nafion ionomer can be employed. Here, we use Nafion ionomer
printed with a stamp (see Fig. 13) onto filter paper.

Under optimised conditions (10 mM HCOOH/HCOONa, pH
3.75), a blue coloration slowly emerges due to PdA@PIM-EA-TB pro-
ducing H,0,. A weak coloration is observed also without catalyst
possibly due to slow aerial background TMB oxidation. In the pres-
ence of PA@PIM-EA-TB, a much more obvious colour reaction is
observed when employing a Nafion ionomer-printed filter paper.
A beneficial effect of perchlorate is seen at 4 h and 5 h but, for more
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prolonged reaction times, a clear colour response is seen also with-
out addition of perchlorate. These experiments confirm the cat-
alytic production of H,0, leading to TMB oxidation and colour
response. A higher formate/formic acid concentration can be
employed to speed up the process. Nafion ionomer printed onto fil-
ter paper has been shown to give clear colour contrast due to accu-
mulation of the cationic blue colour product.

4. Conclusions

It has been shown that palladium nanoparticles embedded into
PIM-EA-TB exhibit nanozyme-like formate oxidase reactivity with
production of hydrogen peroxide in the presence of aqueous formic
acid. Molecular rigidity of the PIM-EA-TB host creates “cavities” at
the surface of the palladium nanoparticles with a reactivity that is
linked to the presence of the tertiary amine and the vicinity of the
palladium surface. Although a range of populations of cavities will
exist depending on palladium nanoparticle surface morphology
and interaction to the PIM-EA-TB polymer, it can be proposed that
similar effects to those illustrated in the DFT model study are likely
to exist in similar configurations. Only one specific case was stud-
ied as a model system for the catalyst cavity effect. Further key
results of this study are:

e Formic acid is reacting catalytically to give hydrogen peroxide
in the presence of oxygen (formate oxidase reactivity).

The interaction of PIM-EA-TB with the palladium nanoparticle
surface creates a significant number of active -catalytic
sites.

The solution pH triggers enhanced formation of H,0, at pH < 4
linked to the protonation of tertiary amines in PIM-EA-TB.
Hydrogen formation in competition to hydrogen peroxide pro-
duction is significant close to pH 4 but less important at more
acidic or more alkaline conditions.

Perchlorate affects the reaction at the palladium surface (pro-
viding more ammonium sites) and thereby enhances the pro-
duction of H,0, in acidic solutions.

A DFT analysis of possible reaction pathways in a model “cav-
ity” formed by PIM-EA-TB at the palladium surface confirms
that both oxygen hydrogenation and formic acid dehydrogena-
tion are enhanced due to a lower activation barrier for both in
the presence of the tertiary amine close to the palladium
surface.

The blue colour reaction of TMB with H,0, occurs in homoge-
neous solution and can be employed to follow H,0, production
visually.

Nafion ionomer can be employed to enhance the TMB colour
reaction due to accumulation of the cationic blue species (at
pH 3.75) into the anionic ionomer.

The effects of molecularly rigid intrinsically microporous poly-
mers (PIMs) on catalytic and surface reactions remain intriguing
and potentially open up a new methodology for catalyst develop-
ment. In the future, PIMs can be designed to generate surface cav-
ities to make catalysts more effective and more selective. DFT
computational tools can provide powerful complementary infor-
mation and may in the future be powerful predictors for catalytic
reactivity and for optimised PIM molecular structures for catalysis
at various types electrode/catalyst surfaces and for a variety of
molecularly rigid PIM materials.
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