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3D-graphene foam electrodes (Gii-Sens) immersed in a phosphate buffer solution of pH 7 are shown to generate
hydrogen peroxide at a significantly faster rate in the presence of a nanoparticulate polymer of intrinsic
microporosity (PIM-1). The effect is demonstrated to be associated at least in part with oxygen binding into PIM-
1 under triphasic conditions. The release of the oxygen at the electrode|solution interface quadruples Hy0,
production. Generator—collector experiments are performed with a graphene foam disk generator and a platinum

disk electrode collector to allow in situ detection of hydrogen peroxide and oxygen.

1. Introduction

Polymers of intrinsic microporosity (PIMs) are molecularly rigid and
contorted structures which are unable to pack and are therefore able to
form films of high microporosity [1] with a typical 1000 m? g~ surface
area and typical 1 nm pore size. PIMs have found applications primarily
in gas phase separation and gas binding [2], but recently have also
started to attract interest in electrochemistry [3]. Interfacial redox
processes that have been investigated include the CO; reduction [4],
formic acid oxidation [5], the Fe(CN)g'/ 4 system [6], bound quinones
[71], and the oxygen reduction reaction [8]. For the oxygen reduction
reaction, the onset for formation of hydrogen peroxide was noted to be
shifted to positive potentials in the presence of PIM-1 (see molecular
structure in Fig. 1), indicative of a locally higher oxygen activity under
triphasic conditions (gas|liquid|polymer). Electrode processes involving
redox-active gases dissolved in aqueous media have been shown to be
beneficially affected by the presence of polymer of intrinsic micropo-
rosity coatings on electrodes, presumably via adsorption of gas into the
wet microporous structure [9]. More generally, it has recently been
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highlighted by Erdosy et al. [10] that a wider range of materials with
intrinsic microporosity physically increase the apparent solubility of
poorly water-soluble gases like oxygen under triphasic conditions.

Hydrogen peroxide production is highly sensitive to the electrode
material [11]. Graphene and graphene-oxide-related materials have
been shown to be active in producing hydrogen peroxide cathodically
[12] but the yield of HoO, may vary, dependent on conditions, defects,
or doping. On exfoliated and N-doped graphene surfaces, oxygen
reduction to HpO; (the 2-electron product) is observed only as an in-
termediate, and reduction to HyO (the 4-electron product) is observed in
particular in acidic media [13]. The reduction mechanism on graphene
surfaces is complicated by the presence of oxygen binding defects and
reactive sites. On pure graphene a prominent reduction peak has been
reported, linked to Oz binding into defects in the graphene surface [14].
Here, it is demonstrated that the formation of HyO, on graphene foam
can be enhanced by microporous polymer deposits on the electrode
surface.

A graphene foam film electrode (Gii-Sens) with approximately 40 pm
foam thickness is employed [15]. This film electrode represents a
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substrate with a high surface area. PIM-1 is deposited either as a film
(Fig. 1B) or as a nanoparticulate film (Fig. 1C). The Fe(CN)g’/ + redox
probe is employed to study voltammetric behaviour in the presence of a
PIM-1 film or nanoparticulate deposit. The oxygen reduction mechanism
and the presence of excess oxygen (stored in PIM-1) are investigated by
voltammetry and by graphene foam-platinum generator—collector
electrochemistry. Preliminary evidence suggests that (a) oxygen can be
accumulated/stored in PIM-1 at the electrode surface and (b) in the
presence of PIM-1 the oxygen reduction mechanism is limited to the
formation of the 2-electron reduction product HyO».

2. Experimental
2.1. Reagents

Potassium ferricyanide (>99 %), potassium chloride (99 %), mono-
basic sodium phosphate (>98.0 %), dibasic sodium phosphate (>99.0
%), methanol and chloroform were obtained from Sigma-Aldrich and
used without further purification. PIM-1 (monomer molecular weight
460 g mol™!) was obtained following a method described in the litera-
ture [16]. Argon and oxygen were purchased from BOC UK (Pureshield).
All solutions were prepared using deionized water (18.2 MQ cm), ob-
tained from a Thermo Scientific water purification system. All experi-
ments were carried out at room temperature (20 + 2 °C).

2.2. Instrumentation

An Autolab potentiostat system (PGSTAT12, EcoChemie, The
Netherlands) was employed to control the electrochemical processes.
The generator working electrode was graphene foam (4 mm diameter
disk, 40 pm thick, Gii-Sens, Integrated Graphene ltd.) with a counter
electrode (1 mm width ring) and a printed Ag/AgCl pseudo reference
electrode. The collector electrode was a Pt disk 3 mm in diameter in a
PEEK shroud. The morphological characterization of the modified
electrode was performed using a scanning electron microscope (SEM,
Hitachi SU3900) using an accelerating voltage of 5.0 kV. The energy-
dispersive X-ray spectroscopy (EDX) unit attached to the microscope
was also employed.

2.3. Procedures

PIM-1 nanoparticles were synthesized using an anti-solvent
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precipitation method,res as reported previously [8]. To fabricate
nanoparticulate films, a volume of 5 pL (4 mg mL™1) of PIM-1 solution
(corresponding to 20 pg PIM-1) was dropped onto the graphene foam
electrode and dried at room temperature. Dense films were obtained by
deposition from chloroform solution.

2.4. Characterisation

Fig. 2 shows typical SEM images for graphene foam, graphene foam
with PIM-1 nanoparticles, graphene foam with PIM-1 film, and the
corresponding EDX analyses. Fig. 2A shows foam-like microstructures.
In Fig. 2B the PIM-1 nanoparticles are seen spread over the graphene
foam. In a previous report these particles were shown to be approxi-
mately 50 nm in diameter [8]. In Fig. 2C a PIM-1 film deposit on the
graphene foam is not clearly observed in the morphology but detected
based on the nitrogen content in the EDX data.

2.5. Electrode system

For generator—collector electrode experiments the graphene foam
electrode was coated with a droplet of electrolyte (100 pL) and a plat-
inum disk collector electrode was positioned face-to-face using a
custom-made 3D-printed holder. Fig. 3 shows photographs of the elec-
trode (A) and the environmental chamber (B), as well as a schematic (C).
The generator—collector distance was calibrated voltammetrically using
5 mM K3[Fe(CN)g] in aqueous 1 M KCl.

3. Results and discussion

3.1. Graphene foam-platinum generator—collector voltammetry for Fe
(N

An aqueous solution of Fe(CN)Z is employed as a model redox system
in order to characterise the graphene foam electrodes and the graphe-
ne-platinum generator—collector electrode configuration. The cyclic
voltammetry data in Fig. 4A are for the one-electron reduction of 5 mM
Fe(CN)g~ in aqueous 1 M KCl (scan rate of 0.025 V sh using a bare
graphene foam electrode, a PIM-1 film-coated electrode, and a PIM-1
nanoparticle-coated graphene foam electrode. At the bare graphene
foam electrode, an oxidation peak at 0.24 V vs Ag/AgCl and a reduction
peak at 0.18 V vs Ag/AgCl suggest a midpoint potential of Eniq = V2 Ep ox
+ Y2 Ep red = 0.21 V vs Ag/AgCl (Fig. 4A). In the presence of a PIM-1 film,
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Fig. 1. Schematic illustration of (A) the 2-electron 2-proton reduction of oxygen, (B) the case of a PIM-1 film deposit, (C) the case of a nanoparticulate PIM-1 film, (D)

the PIM-1|graphene interface, and (E) the molecular structure of PIM-1.
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Graphene foam with PIM-1 nanoparticles 90.77 5.76 3.47
Graphene foam with PIM-1 film 95.66 3.37 0.97

Fig. 2. SEM images showing (A) Gii-Sens graphene foam; (B) graphene foam with PIM-1 nanoparticles (inset shows a higher magnification image of PIM-1
nanoparticles on a silicon substrate); (C) graphene foam with PIM-1 film; and (D) results of EDX analyses.

the currents are lower, presumably due to slower mass transport through
the dense polymer film. However, when using a PIM-1 nanoparticle film,
the current response is not significantly affected. Due to the partial
blocking effect of the PIM-1 film, the focus here is on nanoparticulate
PIM-1 films on the graphene foam electrode.

The peak current for the reduction of 5 mM Fe(CN)g' at the 4 mm
diameter graphene foam disk is approximately 88 pA. With the known
diffusion coefficient, Derrocyanide = 0.63 X 10°m?s ! [17],n=1,F =
96487Cmol !, A=12.6 x 10°m? C=5molm—3 R=8.31, T= 293K,
scan rate v = 0.025 V s_l, and using the Randles-Sevcik equation [18]
(eqn. (1)) the peak current is predicted to be 71 pA. The measured value
is approximately 88 pA, which is only slightly higher and therefore

indicative of the presence of a stagnant layer within the porous graphene
foam.

Dv
1, = 0.4460 FFACY | = 1
[, = 0,446 FPAC) [ @

Fig. 4B shows typical generator—collector voltammetry data. The
collector electrode potential was kept fixed at 0.6 V vs Ag/AgCl. Cyclic
voltammetry data for the graphene generator electrode seems essen-
tially the same as measurements at the bare electrode. The collector
currents at the platinum electrode show a sigmoidal shape and are
associated with the oxidation of some of the Fe(CN)g' generated at the
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Fig. 3. Photograph of (A) the Gii-Sens graphene foam electrode and (B) holder and environmental chamber with platinum electrode inserted. (C) Schematic of the
generator—collector electrode system showing O, reduction to H;O; at the graphene foam and H,O, oxidation to O at the platinum electrode.
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Fig. 4. (A) Cyclic voltammogram (scan rate 25 mV s~ ') for the reduction of 5

mM Fe(CN)g™ in 1.0 M KCl on (i) bare graphene foam, (ii) dense PIM-1 film on

graphene, and (iii) a PIM-1 nanoparticle film on graphene foam. (B) Graphene foam generator—platinum collector voltammetry (scan rates 5 to 25 mV s~ ') for 5 mM
Fe(CN)Z~ in 1.0 M KCl solution with collector potential held at +0.6 V vs Ag/AgCl. (C) Plot of AEy for the collector current versus scan rate.

graphene foam electrode. The limiting current (steady state) approaches
approximately 18 pA for lower scan rates (0.005 V s7h.

Both the limiting current in generator—collector mode and the po-
tential hysteresis /\Ey are sensitive to the distance between generator
and collector electrode. A calibration can be carried out. The hysteresis
effect (AEy, defined here as the potential difference at half height of the

current signal) at the collector electrode results from the diffusional
delay [21,22] and can be represented by a linear relationship (eqn. (2)).
For a one-electron redox system and assuming at least approximately
Dox = Dred, the gap between the two electrodes can be estimated using
the following equation:
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AEy = 0.0071 X v x &8 x

(DRT) 2
Here AEy = 80 mV is the potential difference at half the collector
current, v is the scan rate, § is the inter-electrode gap, F is the Faraday
constant, D is the diffusion coefficient, R is the gas constant, and T is the
absolute temperature. The calculated value for the inter-electrode dis-
tance or estimated gap size was 140 + 20 pm. Fig. 4C shows an
approximately linear dependence for AEy versus scan rate with a non-
zero intercept due to the porosity of the graphene foam electrode.
Alternatively, the inter-electrode gap calibration can be performed by
analysing the steady-state limiting current with a Nernst diffusion layer
expression (eqn. (3)):

I[,‘m :ﬂFADC/5 (3)

Here the steady-state diffusional current Iy, is correlated with n, the
number of electrons transferred per molecule diffusing to the electrode,
the gap 8, the area A (collector electrode area 7.06 x 10 mz), the
Faraday constant F, the diffusion coefficient D, and the concentration
difference c, which is equal to the bulk concentration in this case. With a
limiting current of I, = 20 pA (see collector limiting current) this
suggests an average microgap distance of approximately 100 + 20 pm.
These values for the inter-electrode distance are affected by graphene
porosity and have to be regarded as estimates.

3.2. Graphene foam-platinum generator—collector voltammetry for
oxygen reduction: Effects of PIM-1

The oxygen reduction reaction kinetics depend on the electrode
material. The process can lead to a 2-electron product, H2O, or a 4-elec-
tron product, HyO. To compare the electrochemical reactivity of gra-
phene foam to that of graphene foam coated with PIM-1, an aerated
solution containing 0.1 mol/L phosphate buffer pH 7 was employed.
Fig. 5A shows repeat cyclic voltammograms (with rinsing and drying
between experiments) for graphene foam electrodes with a prominent
oxygen reduction peak at —0.92 V vs Ag/AgCl. This prominent reduction
peak is linked in part to the presence of defects in the graphene material
[14] and is therefore associated with some oxygen binding to the gra-
phene surface (as well as diffusion of oxygen to the surface). When
repeating these cyclic voltammetry experiments without rinsing and
drying, a gradual recovery of the reduction peak is noted due to slow
oxygen binding to the graphene surface (Fig. 5B). In the presence of PIM-
1 nanoparticles, a similar peak feature is observed with slightly

(0] HpOp
213t \ /
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2e
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enhanced and broadened current peaks (Fig. 5C).

In order to explore the oxygen reduction reaction in more detail,
graphene foam-platinum generator-collector experiments are per-
formed. At the generator electrode the potential is scanned from 0.3 to
—1.3 V vs Ag/AgCl and at the platinum collector electrode a constant
potential of 0.5 V vs Ag/AgCl is applied to detect the anodic response of
the oxidation of hydrogen peroxide to oxygen. Fig. 6 shows the gen-
erator—collector cyclic voltammograms obtained (A) without and (B)
with PIM-1 nanoparticles. At a potential of —0.75 V vs Ag/AgCl the
reduction peak for oxygen is observed with a peak current of 35 pA. The
Pt collector electrode shows the corresponding oxidation of HpO»
peaking at approximately —0.96 V vs Ag/AgCl with a peak current of 2.5
pA. Collector currents do not approach a steady state, which suggests a
loss of Oy and H20O3 in the inter-electrode gap, presumably due to some
4-electron reduction to Hy0. The difference in peak potential between
the generating and collecting electrodes is consistent with a diffusional
lag time. The second potential cycle (in red) shows that oxygen has been
severely depleted. By using the peak current 2.7 pA as an approximation
for the steady-state limiting current and employing eqn. (3), the
apparent concentration of oxygen is obtained as 0.1 mM, which is
reasonably close to the expected value of 0.18 mM given that the true
steady-state current was not reached (using 6 = 100 ym, n = 2, Doxygen =
2 x 107°m?s71 [19,20]).

When the graphene foam electrode was modified with PIM-1 nano-
particles, the generator current was slightly increased to 46 pA, consis-
tent with some more oxygen being present. However, the collector
oxidation current for HyO, at the peak potential of —0.85 V vs Ag/AgCl
reaches a current of 10.5 pA, which is four times higher than the value
obtained in the experiment in the absence of PIM-1. These results indi-
cate that oxygen is indeed stored in the nanoparticulate PIM-1 film and
released to give rise to additional HyO2 production. The calculated
apparent oxygen concentration (using eqn. (3)) based on the peak cur-
rent is 0.4 mM, suggesting a considerable increase due to oxygen binding
into PIM-1. A secondary effect of the polymer deposit at the electrode
surface could be based on additional pH gradients (due to a lower buffer
capacity at the polymer-coated graphene electrode surface) causing less
4-electron reduction of oxygen.

The effect of the amount of PIM-1 nanoparticle deposit on the gra-
phene foam electrode is demonstrated in Fig. 6C. Doubling or tripling
the amount of PIM-1 has only a small effect on the initial reduction peak
for oxygen, but the reduction current in the potential region following
the reduction peak is enhanced. The reduction peak is associated mainly

(07 HyO

graphene foam

-1.0 -0

Evs. Ag/AgCl/V

0.0 -1.0

Evs. Ag/AgCl/V

T T
.0 -1.0

Evs. Ag/AgC1/V

Fig. 5. (A) Cyclic voltammograms (scan rate 20 mV s™H; (1) to (v) repeat experiments with rinsing and drying (between experiments) for bare graphene foam
electrodes in aerated 0.1 mol/L phosphate buffer pH 7. (B-C) As before with (i) initial scan and repeat scans with a delay of (ii) 3 min, (iii) 5 min, (iv) 10 min, (v) 1 h
in aerated 0.1 mol/L phosphate buffer pH 7: (B) for the bare graphene foam and (C) for PIM-1 nanoparticle-modified graphene foam.
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Fig. 6. (A) Graphene foam generator—platinum collector voltammograms (scan rate 10 mVs ™, 0.1 mol/L phosphate buffer pH 7, collector potential fixed at 0.5 V vs
Ag/AgCl.). (B) As before, but in the presence of 20 pg PIM-1 nanoparticles on the graphene foam electrode. (C) As before, but comparing deposition of 20 g, 40 pg,
and 60 pg PIM-1 nanoparticles on the graphene foam electrode.
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Fig. 7. Graphene foam-platinum generator—collector cyclic voltammetry (scan rate 10 mV s~*, 0.1 mol/L phosphate buffer pH 7, collector potential fixed at 0.5 V vs
Ag/AgCl) (A) comparing results obtained in an argon atmosphere, ambient air, and pure oxygen atmosphere. (B) As before, in a pure oxygen atmosphere without
PIM-1. (C) As before, in a pure oxygen atmosphere with a PIM-1 nanoparticle deposit on graphene foam.
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with oxygen adsorbed onto graphene, but the current in the potential
region following the peak is associated with extraction of oxygen from
the PIM-1 nanoparticles. The platinum collector electrode detects an
increasing amount of HyO» with more PIM-1, although the current then
also decays more quickly. Using eqn. (3) and based on the peak oxida-
tion current of 18 pA for 60 pg PIM-1, the apparent oxygen concentra-
tion is increased to 0.67 mM, which is more than three times the ambient
equilibrium oxygen concentration. Under these conditions and with an
ambient 80 % nitrogen atmosphere, it is likely that gas binding into the
PIM-1 is dominated by nitrogen binding with only approximately 20 %
oxygen binding. Therefore, experiments under a pure oxygen atmo-
sphere are performed next.

3.3. Graphene foam—platinum generator—collector voltammetry for
oxygen reduction: Oxygen concentration effects

When changing the gas environment during experiments (20 min
purging with oxygen or argon gas, see Fig. 3B), effects on oxygen
reduction are clearly detected. Fig. 7A shows data obtained for the
graphene foam-platinum generator—collector electrode under argon, in
ambient air, and in an atmosphere of pure oxygen. The reduction and
oxidation processes change according to the oxygen concentration.

Fig. 7B and 7C compare the oxygen reduction in a pure oxygen at-
mosphere in the absence and in the presence of PIM-1 nanoparticles. In
the absence of PIM-1, using the collector peak current, 22 pA, the
apparent oxygen concentration is estimated as 0.8 mM, which is close to
the value anticipated for pure oxygen in water. In the presence of PIM-1
the currents increase. The generator current increases from —90 pA to
—107 pA and the collector peak currents change from 22 pA to 43 pA.
The corresponding apparent oxygen concentration is 1.6 mM oxygen,
again indicative of oxygen binding and release in the PIM-1 nanoparticle
deposit. The use of the collector peak current rather than a true steady-
state current is likely to lead to underestimation of the true oxygen
levels.

In the inter-electrode gap of 100 pm an electrode diameter of 3 mm
leads to an enclosed liquid volume of 7 x 101° m3. The excess con-
centration of 0.6 mM oxygen (assuming 1 mM oxygen as the solubility
limit in aqueous solution) suggests that approximately 0.4 nmol oxygen
are bound to the PIM-1. The PIM-1 deposit of 20 pg corresponds to 43
nmol monomer units, which is significantly higher, although only a
fraction of this PIM-1 will be in the inter-electrode gap. Therefore, a
molecular binding interaction for the oxygen accumulated in the PIM-1
is possible but less likely. More likely seems the physical trapping of
nano-scale gas bubbles (oxygen or nitrogen) within the hydrophobic
micropores. Further study of the triphasic oxygen binding in the PIM-1
and the corresponding effects on electrochemical processes will be
necessary.

4. Conclusions

Graphene foam electrodes can be employed for the reduction of
oxygen to give the 2-electron product hydrogen peroxide, but yields are
affected by (i) oxygen binding to defect states, (ii) simultaneous 4-elec-
tron reduction to water, (iii) interfacial pH gradients, and (iv) the
apparent oxygen concentration. The molecularly rigid intrinsically
microporous polymer PIM-1, when applied as a nanoparticulate deposit
on graphene, is shown to enhance the formation of the 2-electron
product (H05).

The key observation in generator—collector experiments is the pres-
ence of additional oxygen that was bound into PIM-1 at the graphene
foam electrode surface. A secondary factor in the enhanced production
of H205 could be additional pH gradients in the presence of the polymer
coating leading to more alkaline conditions at the electrode surface and
therefore less HoO5 transformation into HyO. In the future, a wider range
of PIM materials could be developed specifically to bind gases in high
concentration under triphasic conditions to alter electrode processes (e.

Electrochemistry Communications 143 (2022) 107394

g. for HoOy production, CO, reduction, Ny reduction, or for related
electroanalytical applications).
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