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Abstract
Binding of  PdCl4

2− into the polymer of intrinsic microporosity PIM-EA-TB (on a Nylon mesh substrate) followed by 
borohydride reduction leads to uncapped Pd(0) nano-catalysts with typically 3.2 ± 0.2 nm diameter embedded within the 
microporous polymer host structure. Spontaneous reaction of Pd(0) with formic acid and oxygen is shown to result in the 
competing formation of (i) hydrogen peroxide (at low formic acid concentration in air; with optimum  H2O2 yield at 2 mM 
HCOOH), (ii) water, or (iii) hydrogen (at higher formic acid concentration or under argon). Next, a spontaneous electroless 
gold deposition process is employed to attach gold (typically 10- to 35-nm diameter) to the nano-palladium in PIM-EA-TB 
to give an order of magnitude enhanced production of  H2O2 with high yields even at higher HCOOH concentration (sup-
pressing hydrogen evolution). Pd and Au work hand-in-hand as bipolar electrocatalysts. A Clark probe method is developed 
to assess the catalyst efficiency (based on competing oxygen removal and hydrogen production) and a mass spectrometry 
method is developed to monitor/optimise the rate of production of hydrogen peroxide. Heterogenised Pd/Au@PIM-EA-TB 
catalysts are effective and allow easy catalyst recovery and reuse for hydrogen peroxide production.
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Introduction

Microporous environments are commonly employed for 
immobilisation of catalysts (i) to control/restrict reagent 
access, (ii) to enhance the accessible catalyst surface area, 
(iii) to recover and re-use catalysts, and (iv) to improve 
the catalyst micro-environment and catalyst efficiency for 
example for palladium catalysts [1]. Palladium has found 

a plethora of applications in catalysis in processes ranging 
from C–C coupling chemistry [2] and N-alkylation, [3] in 
 H2O2 production [4, 5] (see also Pd-Au catalysis for “green” 
 H2O2 production [6] and for the selective oxidation of meth-
ane [7], alcohol oxidation [8], in hydrogen generation from 
formic acid,[9] in electrocatalysis [10], and in a wide range 
of catalytic reduction reactions [11]. Immobilisation of Pd 
nanoparticles into microporous hosts is linked to enhanced 
catalytic reactivity as long as (i) host–guest interactions 
do not cause blocking and (ii) permeation of reactants into 
the host is effective. There is one previous report on the 
immobilisation of Pd nanoparticle catalysts into the poly-
mer of intrinsic microporosity (abbreviated PIM) PIM-1 
[12]. Fibrous PIM-1 with Pd nanoparticles embedded were 
obtained by electrospinning and employed in the catalytic 
reduction of nitroaromatics. It was shown that the PIM-1 
provided selectivity towards the more strongly absorb-
ing reactants and good permeation. Palladium inside of 
the microporous PIM-1 was demonstrated to be catalyti-
cally active. Palladium catalysts have been immobilised 
in other types of microporous hosts such as metal–organic 
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frameworks [13]. Here, palladium is immobilised into the 
polymer of intrinsic microporosity PIM-EA-TB (see molecu-
lar structure in Fig. 1).

The development of polymers of intrinsic microporos-
ity (PIMs) was linked initially to the formation of gas per-
meable and gas-separation membrane materials[14, 15]. 
Only recently have wet-chemical applications for intrinsi-
cally microporous polymers emerged, for example, in elec-
trochemistry [16, 17], in electrocatalysis with embedded 
molecular catalysts [18] or embedded nanoparticle catalysts 
for hydrogen production [19, 20], and for hydrogen perox-
ide [21] production. PIM-EA-TB offers a microporous host 
material with typically 1000  m2  g−1 surface area (based on 
Brunauer–Emmett–Teller nitrogen adsorption data [22]) 
and with rigid microchannels of typically 1–2 nm diameter. 
Films of PIM-EA-TB on electrodes or sensors are produced 
by cast deposition from solvent [23].

Hydrogen peroxide formation is important in disinfection 
[24], in biomass break-down [25, 26], in pollution treatment 
[27], and in many further areas of chemical technologies 
[28]. Hydrogen peroxide can be generated conveniently 
from ambient oxygen, but the efficiency for this process is 
often problematic primarily due to unwanted over-reduction 
or disproportionation of  H2O2 into  H2O/O2. New types of 
sustainable single-atom catalysts for the conversion of oxy-
gen into hydrogen peroxide are under development [29]. 
Although photolytic processes are successfully employed 
to drive the reduction of  O2 to  H2O2 [30], there are also 
some successful dark chemical processes based on ambient 
oxygen and chemical reducing agents such as glucose [31] 
or formic acid [32].

In this report, the immobilisation/heterogenisation of a 
Pd catalyst or a Pd/Au catalyst into the micropores of the 
molecularly rigid PIM-EA-TB polyamine is investigated. It 
is shown that Pd nanoparticles of typically 3.2-nm diameter 
are readily synthesised by absorption of  PdCl4

2− followed 
by borohydride reduction. These “guest” nanoparticles are 
active for hydrogen generation from formic acid due to PIM-
EA-TB not blocking the surface of the catalyst and effec-
tive permeation of formic acid. Both hydrogen production 

and oxygen consumption are monitored in situ with a Clark 
probe [33] (Fig. 1A) and employing Nylon mesh substrates. 
Processes at the palladium catalyst are tentatively suggested 
to be based on (A) oxygen consumption (see processes 1 and 
2) and based on (B) hydrogen production (process 3).

Spontaneous gold growth onto the palladium nanopar-
ticles as nucleation sites is employed to moderate catalyst 
activity for hydrogen generation and to enhance the rate of 
hydrogen peroxide production by an order of magnitude. 
The competing mechanisms, the bipolar nature of the Pd/Au 
catalyst, and the role of the polymer of intrinsic microscopy 
are discussed.

Experimental

Reagents

HCl (ACS reagent, 37%),  PdCl2 (99%),  NaBH4 (powder, 
98%),  KAuCl4 (98%),  H3PO4 (85 wt.% solution, ACS 
Reagent), HCOOH (96%, ACS Reagent),  Na2CO3 (pow-
der, ≥ 99.5%, ACS Reagent), and p-nitrophenylboronic 
acid (≥ 95.0%) were purchased from Sigma–Aldrich.  H2O2 
(ACS Reagent, 30 wt.% in  H2O) and dimethyl sulfoxide 
(DMSO, for HPLC, ≥ 99.7%) were products from Honey-
well.  NaHCO3 (≥ 99.7%) and NaOH (pellets, laboratory 
reagent grade) were obtained from Fluka. Jovitec universal 
pH test paper (pH full range 1–14) was applied to monitor 
the pH value of solutions in the  H2O2 quantification experi-
ments. PIM-EA-TB was synthesised following the literature 
recipe [34]. Nylon mesh from 75-µm diameter Nylon was 
purchased from Amazon.com (therpin reusable Nylon fine 
mesh food strainer bag).

(1)Process 1 ∶ HCOOH + O
2
⇄ CO

2
+ H

2
O

2

(2)Process 2 ∶ HCOOH + H
2
O

2
⇄ CO

2
+ 2H

2
O

(3)Process 3 ∶ HCOOH ⇄ CO
2
+ H

2

Fig. 1  A Schematic drawing of 
a Clark probe for in situ analysis 
of oxygen consumption and 
hydrogen production. B Molec-
ular structure of PIM-EA-TB
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Instrumentation

Clark-type polarographic dissolved oxygen probe 
(HI76407) and corresponding electrolyte fill solution 
(HI7041S) were the products of Hanna Instruments Ltd. A 
thin tissue layer (Whatman Schleicher & Schuell 105 lens 
cleaning tissue) was introduced to maintain the distance 
from platinum electrode to the Teflon membrane. Ultra-
pure water (resistivity not less than 18.2 MΩ cm at 20 °C) 
was taken from Thermo Scientific water purification 
equipment. A pH meter (Jenway 3505) was used to moni-
tor the pH of buffer solutions. The morphology of the Pd@
PIM-EA-TB and Pd/Au@PIM-EA-TB nanoparticles were 
evaluated using a scanning electron microscope (SEM, 
Hitachi SU3900) and a transmission electron microscope 
(TEM, JEOL JEM-2100PLUS). Elemental mapping was 
carried out with an attached energy dispersive X-ray ana-
lyser (170  mm2 Ultim Max EDX). Electrochemical experi-
ments were performed with a computer-controlled poten-
tiostat (Metrohm microAutolab II). The quantification 
of  H2O2 was carried out by liquid chromatography-mass 
spectroscopy (LC–MS) technique with an Agilent 6545 
Accurate-Mass Q-TOF LC/MS system.

Procedures

Formation of Pd@PIM‑EA‑TB

A Nylon substrate was employed to investigate the catalytic 
activity of heterogenised catalysts. A disk of 8-mm diameter 
with Nylon strands of 75-µm diameter was first coated with 
PIM-EA-TB (approx. 20 µg). Next, the modified Nylon disk 
was immersed into 5 mM  PdCl4

2− in 1 M HCl. Under these 
conditions, the PIM-EA-TB is protonated and  PdCl4

2− is 
accumulated into the microporous polymer which is visible 
as yellow coloration [35]. Next, the disks are immersed into 
0.13 M  NaBH4 solution in water and left to react in the dark 
in a refrigerator (4 °C, 20 h, see Fig. 2).

Figure  3 shows scanning electron microscopy (SEM) 
images for the distribution of deposits on the Nylon mesh. 
White regions in Fig. 3A are consistent with regions of more 
Pd metal deposits accumulated due to a higher PIM-EA-TB 
loading. An enhanced presence of Pd at Nylon thread intersec-
tions is due to a higher amount of PIM-EA-TB in these regions 
caused capillary forces during evaporation of the deposition 
solution. Pd appears to be distributed in the form of uniformly 
sized nanoparticles (vide infra) within the PIM-EA-TB.

Fig. 2  Illustration of the use of a Nylon substrate that is coated with PIM-EA-TB and then exposed to  PdCl42− followed by rinsing, drying, and 
reduction in borohydride reduction to give Pd nanoparticles embedded in the PIM-EA-TB host

Fig. 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
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In order to better image Pd nanoparticles, samples were 
ultrasonicated in isopropanol, and then solution phase was 
deposited onto transmission electron microscopy (TEM) 
grids. Figure 4 shows typical images for PIM-EA-TB with 
nanoparticles embedded. Particle size analysis suggests typi-
cally 3.2 ± 2.0 nm diameter.

Formation of Nano‑Pd/Au@PIM‑EA‑TB

The spontaneous formation of gold deposits on palladium 
is driven by the high Au(0/III) standard potential driving 
oxygen evolution [36]. Gold deposition can be achieved by 
simple immersion of the Pd@PIM-EA-TB modified Nylon 
disks into a solution of 5 mM  KAuCl4 in 10 mM phosphate 
buffer at pH 7 for 20 h. Figure 5 shows SEM images and 
EDX analysis demonstrating the growth of gold in regions 
where palladium is present as nucleation site (to nucleate 
gold) and as water oxidation site (to drive gold deposition).

The presence of gold is confirmed in TEM images. Figure 6 
shows typical regions with gold dominating over palladium. Fig-
ure 7 shows images where both gold and palladium nanoparti-
cles can be seen side-by-side. Gold deposits are observed with 
typically 10- to 35-nm diameter, often inter-grown into bigger 
aggregates. Visible also are some remaining palladium nano-
particles without gold modification (see Fig. 7A, B) which may 
affect the overall reactivity in catalytic processes (vide infra).

Clark Probe Measurements

The formation of hydrogen and the consumption of oxy-
gen is conveniently monitored at a commercial Clark probe 
(Hanna Instruments Ltd.). The Nylon disk (8-mm diameter) 
was placed onto the Teflon membrane of the probe and fixed 
into place with an additional Nylon strip. Experiments with 
PIM-EA-TB directly coated onto the Teflon membrane were 
unsuccessful probably due to better diffusion through the open 

Fig. 4  Transmission electron microscopy (TEM) images for Pd@
PIM-EA-TB. A Pd nanoparticles with mean size of 3.2 ± 0.2  nm 
evenly distributed in PIM-EA-TB (inset: size distribution of Pd nano-

particles). B Higher magnification image with mean Pd particle size 
of 3.4 nm. C High-resolution image showing the (111) crystal facet 
of Pd

Fig. 5  SEM images with different magnifications A–C and EDX elemental mapping analysis D for Pd/Au@PIM-EA-TB coated nylon mesh
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Nylon mesh (vide infra). Nylon mesh disks provide a con-
venient and reproducible method to explore/compare catalyst 
performance. Once immersed into solution, the Clark probe 

with Nylon disk can detect oxygen transport from the solu-
tion into the sensor or hydrogen flux from the catalyst into 
the sensor (monitored at different applied potentials). The 

Fig. 6  TEM images for Pd/Au@PIM-EA-TB. A Au particles sepa-
rated 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 patterns 
from D 

Fig. 7  TEM images for Pd/Au@PIM-EA-TB: bigger Au particles (with size of 10 to 35 nm intergrown into bigger aggregates) attached to small 
Pd nanoparticles (size of approx. 3.2 nm)
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oxygen detection was performed at − 0.7 V vs. Ag/AgCl, and 
the hydrogen production was measured at + 0.6 V vs. Ag/
AgCl [32, 37].

Quantification Measurement of  H2O2 by LC–MS

The concentration of  H2O2 produced by catalysts was evalu-
ated indirectly based on the reaction of para-nitrophenylboronic 
acid with  H2O2 in alkaline conditions [38]. This reaction is 
often employed in a colorimetric assay, but here, a more pow-
erful LC–MS analysis approach is chosen. The mechanism for 
formation of the para-nitrophenol product is illustrated below 
(Eq. 4).

The product para-nitrophenol is quantified by LC–MS 
analysis. To generate the standard calibration curve for a range 
of  H2O2 concentrations, a volume of 100 µL  H2O2 solution 
ranging from 2 to 500 µM was mixed with 1 mL of 100 µM 
para-nitrophenylboronic acid in 10 mM carbonate buffer solu-
tion (pH 9 with 10% DMSO), kept in the dark for 1 h, diluted 
to 1/50 of the concentration with 10% DMSO/90% of water, 
and then submitted to the LC–MS analysis. For the  H2O2 
quantification in samples, the solution alkalinity was always 
pre-adjusted to pH 9 by adding  Na2CO3 powder before com-
mencing the analysis procedure. Mass spectrometry (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 Jet-
stream ESI spray source coupled to an Agilent 1260 Infinity 
II Quat pump HPLC with 1260 autosampler, column oven 
compartment, and variable wavelength detector).

Results and Discussion

Clark Probe Evidence for Oxygen Consumption 
and Hydrogen Production from Formic Acid at Pd@
PIM‑EA‑TB

A Clark probe was employed with Pd@PIM-EA-TB catalyst 
immobilised on a Nylon mesh substrate (8-mm-diameter disks, 
see “Experimental”). With the Nylon substrate attached, the 
Clark probe allows both detection of oxygen consumption 
(lowering the flux of oxygen into the Clark probe) and detec-
tion of hydrogen production (inducing the flux of hydrogen 

(4)

into the Clark probe). Figure 8 shows typical current–time 
transient data plots. Figure 8A shows the effect of formic 
acid on the oxygen detection. Without addition of formic 
acid, the Clark probe (at − 0.7 V vs. Ag/AgCl) equilibrates to 
about − 0.35 µA after 5 min. This corresponds to the oxygen 
flux from solution through the Nylon disk, through the sensor 
film, and to the underlying platinum sensor electrode consist-
ent with previous reports [33]. The equilibration time (the time 
to quasi steady state) of 2 to 5 min is typical, although slower 
equilibration may be anticipated in the case of additional cata-
lytic reactions at the coated Nylon disk. When adding formic 
acid, the oxygen signal is clearly lowered. A plot of the oxygen 
response versus formic acid concentration (Fig. 8B) suggests 

that approximately half of the oxygen flux is lost for 2 mM 
formic acid. For approximately 4 mM formic acid close to all 
oxygen seems to be consumed locally at the catalyst.

When exploring the production of hydrogen (Fig. 8C) as 
a function of formic acid, a “switch-on” transition occurs 
at approximately 10 mM formic acid with more formic 
acid leading to a plateau in the response probably linked to 
saturation of the solution with hydrogen. The Clark probe 
current (with + 0.6 V vs. Ag/AgCl applied voltage) for high 
formic acid concentrations is consistent with the response 
expected when intentionally bubbling hydrogen gas to 
saturate the solution [33]. When purging the solution with 
argon gas and then adding formic acid, very similar Clark 
probe responses are recorded (see Fig. 8D) consistent with 
the observation that most oxygen is consumed by chemical 
reaction with 2 mM or more formic acid.

Additional experiments with only Nylon gave no evidence 
of any background catalytic activity. Experiments with pal-
ladium-modified Nylon (employing the same methods but 
not applying PIM-EA-TB) resulted in some Pd deposit but 
insignificantly low activity. This suggests that the micropo-
rous PIM-EA-TB coating is crucial in (i) initially binding 
the  PdCl4

2− and (ii) for allowing Pd nanoparticles to form 
embedded into the microporous PIM-EA-TB host as cata-
lytic guests. The microporosity/microenvironment of PIM-
EA-TB may have additional effects on reactant and product 
transport. Fundamentally, net processes at the palladium 
catalyst can be tentatively suggested based on (Fig. 8A) 
oxygen consumption (processes 1 and 2, see Eqs. 1 and 2) 
and (Fig. 8B) based on hydrogen production (process 3, see 
Eq. 3, Fig. 8E).

776 Electrocatalysis (2021) 12:771–784



1 3

In order to discuss processes at the catalyst, it is help-
ful to consider fluxes to/from the Nylon disk (see Fig. 8F). 
The corresponding flux of oxygen into the Clark probe can 
be dissected and compared to the diffusion of oxygen from 
bulk solution and reactive flux at the catalyst. For the reactive 
flux density of process 1 (in mol  m−2  s−1), an expression rate 
(process 1) =ΦProcess 1 = k1 [HCOOH]  [O2] can be suggested 
with formally k1 (in  mol−1  m4  s−1) representing the appar-
ent rate constant for the surface catalytic processes within the 

PIM-EA-TB on the Nylon substrate. The oxygen flux density 
(based on the same units mol  m−2  s−1), Φoxygen transport, in quies-
cent solution can be estimated as Φoxygen transport = Doxygen[O2]/δ 
with the approximate diffusion coefficient for oxygen 
Doxygen = 3 ×  10−9  m2s−1 [39], the bulk concentration of oxygen 
typically  [O2] = 0.2 mol  m−3 [39], and the diffusion layer thick-
ness due to natural convection in aqueous media estimated 
as approximately δ = 0.5 mm. The resulting flux density for 
oxygen is Φoxygen transport = 1.2 ×  10−6 mol  m−2  s−1. The case 

Fig. 8  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 formic 
acid. B Plot of the approximate Clark probe oxygen responses versus 
formic acid concentration. C Clark probe hydrogen current–time tran-
sients (+ 0.6 V vs. Ag/AgCl applied voltage) in 0.5 to 200 mM formic 

acid. D Plot of the approximate Clark probe hydrogen response ver-
sus formic acid concentration (error bars estimated ± 20%). E Sche-
matic illustration of catalytic reactions at Pd. F Illustration of fluxes 
to and from the Nylon disk with catalyst
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of equal flux densities (that is, oxygen is consumed without 
entering the Clark probe) was observed for [HCOOH] = 4 mM, 
which allows the apparent rate constant for process 1 to be 
estimated from Φoxygen transport ≈ ΦProcess 1 = k1 [HCOOH]  [O2] 
as k1 = 1.5 ×  10−6  mol−1  m4  s−1. This rate constant describes 
the consumption of oxygen under these conditions (for a given 
Galvani potential, vide infra) and will be discussed in more 
detail below.

For the production of hydrogen, the concentration at 
which hydrogen saturation in solution occurs at about 
[HCOOH] = 100 mol  m−3 (see Fig. 8C) can be employed 
to further explore reaction rates. The rate for process 3 for-
mally is rate (process 3) = k3 [HCOOH] with k3 being esti-
mated at the point of saturation linked to the insufficient 
diffusion of hydrogen away from the Clark probe. The flux 
density for hydrogen is Φhydrogen transport = Dhydrogen[H2]/δ with 
Dhydrogen = 9 ×  10−9  m2s−1 [40] and  [H2] representing the sat-
uration concentration 0.74 mol  m−3. Combining the flux den-
sity for hydrogen and the formal rate equation for process 3, 
rate (process 3) = ΦProcess 3 = k3 [HCOOH], gives an estimate 
of the apparent rate constant k3 = 1.3 ×  10−7 m  s−1 (under the 
conditions of this experiment). For  [O2] = 0.2 mM, the flux 
densities ΦProcess 1 and ΦProcess 3 are very similar (assum-
ing that processes 2 and 4 are valid). In order to explore/
compare, the rate for process 2 methods for  H2O2 detection/
monitoring needs to be applied (vide infra).

When performing experiments and monitoring the evolu-
tion of hydrogen at formic acid concentration higher than 
0.2 M, some deterioration of the catalyst performance can 
be observed upon going back to lower concentrations (not 
shown). There have been previous reports of palladium cata-
lyst deterioration at higher formic acid concentrations being 
linked catalyst poisoning [41], but no clear mechanism has 
been assigned.

Clark Probe Evidence for Oxygen Consumption 
and Hydrogen Evolution from Formic Acid at Pd/
Au@PIM‑EA‑TB

When electrolessly coating the palladium catalyst with gold 
(see experimental), a new pattern of reactivity emerges. The 
modified palladium is likely to interact with formic acid in 
a similar manner to give  CO2, protons, and electrons, but 
the electrons are now allowed to flow into the gold (with 
substantially higher surface area; see illustration in Fig. 9). 
Gold is known to produce hydrogen peroxide during oxygen 
reduction under mild conditions [42]. The Pd/Au assembly 
acts as bipolar catalyst.

Figure 9A shows typical Clark probe responses (at − 0.7 V 
vs. Ag/AgCl) for oxygen removal in the presence of formic 
acid. The plot in Fig. 9B shows that at about 20 mM formic 
acid half of the oxygen is consumed. Complete consumption of 
oxygen occurs at approximately 40 mM formic acid. Formally, 

this suggests a process 1 rate constant k1 an order of magni-
tude lower (k1 ≈ 1.5 ×  10−7  mol−1  m4  s−1) compared to that 
estimated for Pd@PIM-EA-TB (see Fig. 8). The main reasons 
for this drop in reactivity towards oxygen consumption are 
the lower availability of catalytic palladium surface (although 
some individual palladium nanoparticles are still observed in 
the TEM data in Fig. 7) and a less negative Galvani potential 
developing on palladium/gold nanoparticle assemblies (vide 
infra)

Similarly, the production of hydrogen seems severely 
suppressed. Figure 9C shows data for hydrogen production 
at different formic acid concentrations. Hydrogen is clearly 
detected, but even with a high concentration of 1 M formic 
acid, the rate of hydrogen production remains low (possibly 
kinetically rather than transport limited). This is consistent 
with significant deactivation towards hydrogen production 
of the palladium in Pd/Au@PIM-EA-TB. Overall, the cata-
lyst in the presence of gold seems severely deactivated in 
terms of hydrogen production to approximately 1% of the 
activity observed without gold. In contrast, the production of 
hydrogen peroxide as a key intermediate in the reduction of 
oxygen (see process 1) could be enhanced under these condi-
tions. Therefore, the production of  H2O2 is considered next.

Evidence for Hydrogen Peroxide Formation 
from Oxygen and Formic Acid

In order to detect hydrogen peroxide,  H2O2, as a product of 
the catalytic reaction (process 1), a method based on the reac-
tion of para-nitrophenyl-boronic acid to para-nitrophenol 
was developed (see experimental), and the para-nitrophenol 
detection was performed with HPLC–MS to give a calibra-
tion range from 2 to 500 µM  H2O2. Here, the bulk concen-
tration of  H2O2 is probed, and from this, the flux towards 
the Nylon disk is estimated. Experiments are performed in 
a stirred solution, and therefore, the rate of mass transport 
towards the catalyst is likely to be approximately 20 times 
higher compared to quiescent conditions at the Clark probe 
(assuming an order of magnitude increase in mass transport 
and access to both sides).

Figure 10A shows how hydrogen peroxide is produced 
with time. In the presence of 2 mM formic acid and ambi-
ent oxygen levels (approx. 0.2 mM [39]), a gradual increase 
(approximately linear) is observed leading to approx. 
20 µM  H2O2 after 2 h of reaction (for one Pd@PIM-EA-
TB modified 8-mm diameter Nylon disk in a volume of 10 
 cm3 stirred solution). This is consistent with gradual trans-
port of  H2O2 from the Nylon disk into the bulk solution. 
Figure 10B shows data obtained at 2 h reaction time as a 
function of formic acid concentration (note that volume is 2 
 cm3). The point of the highest rate of  H2O2 production with 
2 mM formic acid corresponds to a  H2O2 flux density of 
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ΦProcess 1 = 1.1 ×  10−7 mol  m−2  s−1, which is very low when 
compared to the anticipated/estimated oxygen flux density 
of Φoxygen transport = 2.4 ×  10−5 mol  m−2  s−1 under these con-
ditions (assumed 20 times higher compared to the flux to 
the Clark probe, vide supra). The reaction progress must be 
strongly affected by loss/degradation of  H2O2 according to 
process 2.

In Fig. 10B, beyond the maximum in  H2O2 production at 
2 mM formic acid the yield of  H2O2 decreases again. This 
can be explained based on the ability of Pd nanoparticles to 
reduce  H2O2 to  H2O. The data are consistent with sufficient 
flux of oxygen towards the Nylon disk, where locally (in the 

PIM-EA-TB), the increase in the formic acid concentration 
from 2 to 4 mM causes more reduction of  H2O2 to  H2O 
(vide supra).

Figure 10C shows data for the production of  H2O2 with 
time for Pd/Au@PIM-EA-TB catalyst. In this case, 10 mM 
formic acid was employed to drive the process. When com-
pared to data in Fig. 10A, the rate of  H2O2 production seems 
approximately 5-times higher consistent with the 5-times 
higher concentration of formic acid. Figure 10D shows the 
 H2O2 yield at 2-h reaction time as a function of formic acid 
concentration. In the presence of gold, an order of mag-
nitude increase in  H2O2 yields is evident. From this, the 

Fig. 9  A Clark probe oxygen current time transients in water, 2 mM, 
4  mM, 10  mM, 20  mM, 40  mM, and (vii) 100  mM formic acid. B 
Plot of the approximate Clark probe oxygen response versus formic 
acid concentration (error bars estimated ± 20%). C Clark probe hydro-

gen current time transients in 2 to 1000 mM formic acid. D Plot of 
the approximate Clark probe hydrogen response versus formic acid 
concentration (error bars estimated + / − 20%). E Schematic illustra-
tion (not to scale) of catalytic reactions at Pd/Au
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approximate  H2O2 flux density at the Nylon disk can be 
calculated as ΦProcess 1 = 1.0 ×  10−7 mol  m−2  s−1 in the pres-
ence of 10 mM formic acid. The production of  H2O2 further 
increases with formic acid concentration (see Fig. 10D) 
and, finally, plateaus at high formic acid concentration with 
ΦProcess 1 = 2.2 ×  10−7 mol  m−2  s−1. This value is still low 
when compared to the anticipated oxygen flux, and there-
fore, oxygen transport is unlikely to significantly affect 
the production of  H2O2. Under conditions of high formic 
acid concentration, a plateau suggests that a steady state is 
approached and that the process becomes independent of 
[HCOOH]. Combining the rate expressions for process 1 
and process 2 (Eqs. 2 and 3) for the case of high [HCOOH] 
suggests that k1/k2 =  [H2O2]/[O2]. With k1 = 1.5 ×  10−6  mol−1 
 m4  s−1 and  [H2O2] = 0.4 mM and  [O2] = 0.2 mM, this gives 
an apparent rate constant k2 = ½ k1 = 0.75 ×  10−7   mol−1 
 m4   s−1 for the case of Pd/Au@PIM-EA-TB. Although 

the production of  H2O2 is significant, it could be further 
improved for example based on the oxygen available in 
solution

It is interesting to further explore the reactivity of Pd/
Au@PIM-EA-TB for the production of hydrogen peroxide. 
Figure 11A shows data for the effect of doubling the amount 
of catalyst (using one Nylon disk and using two Nylon disks 
in a stirred solution). Perhaps surprisingly, only at short 
times (for low  [H2O2]), the production of  H2O2 is enhanced. 
For 1 h or longer reaction times, the effect of increasing 
the amount of catalyst seems insignificant. A change in the 
amount of catalyst will affect the apparent rate constants k1 
and k2, but not the long-term steady state concentration of 
 H2O2 that is given by the ratio of k1/k2. That is, for longer 
periods of reaction or for higher formic acid concentrations, 
the same limiting concentration  [H2O2]lim is generated inde-
pendently of the amount of catalyst.

Fig. 10  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 Plot of  H2O2 concentration 
after 120-min reaction (one nylon disk modified with Pd@PIM-EA-
TB in 2 mL stirred solution) as a function of formic acid concentra-
tion. C 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 Plot of  H2O2 concentration 
after 120-min reaction (one Nylon disk modified with Pd/Au@PIM-
EA-TB in 2  mL stirred solution) as a function of formic acid con-
centration (error bars based on variations in catalyst disks and Clark 
probe responses estimated ± 20%)
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Figure  11B demonstrates the effect of changing the 
concentration of oxygen from ambient (approx. 0.2 mM) 
to saturated (approx. 1.0 mM). The data suggest a signif-
icant increase in  H2O2 production only during the initial 
30 min, and a value converging with time. The final value 
 [H2O2]lim obtained in the presence of saturated  [O2] could 
be increased, but the data recorded over a period of 150 min 
suggests a very similar trend. Finally, Fig. 11C shows that 
the re-use of the catalyst-modified Nylon disks is possible. 
For 10 mM formic acid, the production of hydrogen peroxide 
remains approximately constant in 6 sequential experiments 
producing  H2O2 each over a period of 1 h

The catalytic production of  H2O2 on a bipolar Pd/Au nano-
catalyst can be discussed in terms of individual redox pro-
cesses and assuming Tafel law effects on kinetics linked to 
the Galvani potential of the catalyst particles. That is, apparent 
rate constants observed under specific reaction conditions are 
variable with potential similar to heterogeneous charge trans-
fer rate constants. The scheme in Fig. 12A illustrates the case 
of formic acid spontaneously producing hydrogen and then 
hydrogen being oxidised to protons. The rate for this process 
is Galvani potential dependent (assumed here to follow Tafel 
characteristics) and indicated as a line. The oxidation is faster 
at higher potentials. Also indicated is the line for the reduction 

Fig. 11  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 (i) one Nylon disk and (ii) two Nylon disks modified with 
Pd/Au@PIM-EA-TB in 10  cm3 stirred solution. B Plot of  H2O2 con-
centration formed at Pd/Au@PIM-EA-TB in the presence of 10 mM 
formic acid as a function of time. Data sets for (i) 0.2  mM oxygen 
and (ii) 1  mM oxygen for one Nylon disk modified with Pd/Au@

PIM-EA-TB in 10  cm3 stirred solution. C Plot of  H2O2 concentra-
tion formed at Pd/Au@PIM-EA-TB in the presence of 10  mM for-
mic 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%)

Fig. 12  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)

781Electrocatalysis (2021) 12:771–784



1 3

of oxygen to water. The point of intersection denotes the opera-
tional potential during catalysis at a given concentration of 
reagents. Figure 12B illustrates the effect of oxygen depletion. 
Due to oxygen being consumed, the rate for the oxygen reduc-
tion slows down and the intersection point (1) moves along 
the line to point (2). Point (2) corresponds to the equilibrium 
potential for  H+/H2 at more negative potentials.

The case for the bipolar Pd/Au catalyst is illustrated in 
Fig. 12C. Initially, the catalyst operates at potential (1) where 
oxygen is reduced on Pd mainly to water. Depletion of oxygen 
then shifts the potential to point (2) where oxygen is reduced 
to  H2O2 on Au. This corresponds to the optimum working 
conditions for the bipolar catalyst with further depletion of 
oxygen pushing the Galvani potential more negative where 
 H2O2 is consumed again (3). For a good conversion of oxygen 
to  H2O2 (i), the process at point (1) needs to be suppressed by 
adjusting the ratio of Pd to Au surface area, (i) the process at 
point (2) needs to be optimised by providing a high Au sur-
face area, and (iii) the concentration of formic acid has to be 
selected to maintain the operational potential of the bipolar 
catalysts close to (2).

The polymer of intrinsic microporosity is likely to affect 
locally the mass transport of formic acid, oxygen, and hydro-
gen peroxide and is therefore also likely to affect  H2O2 yields. 
Further work is required to explore effects for different types 
of polymers of intrinsic microporosity on these catalytic pro-
cesses. The yields for  H2O2 observed in this study are modest 
and should be much higher with more optimisation. Recent 
progress in the catalytic production of  H2O2 directly from  H2 
and  O2 gas at PdAu alloy catalysts suggests that up to 56 mM 
 H2O2 in water can be achieved [43]. This is two orders of 
magnitude higher compared to yields reported here. Clearly, 
more work will be necessary to compare/improve reactivity, 
to optimise conditions, and to resolve/exploit PIM host effects 
in this process in the future.

Conclusions

It has been shown that both nano-Pd and nano-Pd/Au cata-
lysts can be formed embedded inside of the microporous 
host polymer PIM-EA-TB. In the presence of formic acid, 
both types of catalyst were shown with a Clark probe to 
consume oxygen and to produce hydrogen. Pd is effective 
in producing hydrogen, whereas Pd/Au appears to be inef-
fective. High concentrations of formic acid can be detri-
mental and may deactivate the catalysts.

In the formic acid concentration range where oxygen 
consumption and hydrogen production switch over (as 
observed with the Clark probe), maximum hydrogen per-
oxide production rates were observed. In contrast to nano-
Pd, bipolar nano-Pd/Au catalysts clearly produce higher 
levels of hydrogen peroxide with only minimal production 

of hydrogen even at high formic acid concentrations. This 
has been attributed to electron transport from Pd to Au and 
a less negative Galvani potential on the nano-Pd/Au cata-
lyst during operation. Formic acid reacts on Pd followed 
by electron transfer to gold. On gold, oxygen is reduced 
primarily to  H2O2.

The role of the intrinsically microporous polymer, 
PIM-EA-TB, in these catalytic reactions is associated 
with (i) providing a reaction environment for binding 
Pd(II) and for producing embedded palladium nanopar-
ticles, (ii) for allowing the growth of gold nanoparti-
cles attached to palladium seeds, (iii) for permeation of 
reactants and products, and (iv) for making the catalysts 
recoverable and re-usable. The tertiary amine functional 
group in PIM-EA-TB is essential for the initial binding of 
 PdCl4

2− but could have additional effects on the catalytic 
process, for example when binding or permeating reac-
tion intermediates. In the future, the molecular structure 
of PIM-EA-TB could be modified or tuned to allow bet-
ter/more selective catalytic processes to be developed. 
For further optimisation of  H2O2 production from organic 
reducing agents such as formic acid, the suppression of 
 H2O2 degradation (process 2) appears to be crucial and 
this could be achieved for example by adjusting the ratio 
of Pd to Au surface area.
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