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ABSTRACT: A molecularly rigid polyamine based on a polymer of intrinsic microporosity (PIM-EA-TB) is shown to capture
and stabilize platinum nanoparticles during colloid synthesis in the rigid framework. Stabilization here refers to avoiding
aggregation without loss of surface reactivity. In the resulting rigid framework with embedded platinum nanoparticles, the
volume ratio of platinum to PIM-EA-TB in starting materials is varied systematically from approximately 1.0 to 0.1 with the
resulting platinum nanoparticle diameter varying from approximately 4.2 to 3.1 nm, respectively. Elemental analysis sug-
gests that only a fraction of the polymer is “captured” to give nano-composites rich in platinum. A transition occurs from
electrically conducting and electrochemically active (with shorter average inter-particle distance) to a non-conducting only
partially electrochemically active (with longer average inter-particle distance) polymer - platinum composites. The con-
ducting nanoparticle network in the porous rigid macromolecular framework could be beneficial in electrocatalysis and in

sensing applications.

Introduction. The formation of platinum (Pt) colloids in
aqueous or organic solvent media is based on a complex pro-
cess with nucleation and growth steps resulting in a diverse
range of nano-catalysts.! Without suitable capping or stabili-
zation agents, growth processes and Ostwald ripening can
dominate to give bigger less well-defined particles.> Many sta-
bilization agents have been developed and optimized, for ex-
ample, based on water-soluble polymers such as poly-(N-vi-
nyl-2-pyrrolidone) (PVP34) or nanoparticles have been grown
into solid microporous hosts such as metal-organic frame-
works.5 These polymer or microporous agents provide condi-
tions for uniform growth, shape control, and confinement ef-
fects to prevent aggregation of nanoparticles. However, the
strong organic “shell” coated onto the Pt nanoparticle surface
can be detrimental and hard to remove, which reduces the
availability of active surface sites and hampers application in
areas such as efficient catalysis. The development of new pro-
tecting/stabilizing agents to increase the Pt utilization is thus
desired. New molecularly rigid “framework” polymer mole-
cules could play an important role in providing stabilization
without coating the platinum surface.

Polymers of intrinsic microporosity®? (PIMs) have emerged as
a novel class of molecular structures with applications (and
the corresponding theory) emerging in gas separation and
sorption.®9 In recent years molecularly rigid polyamine sys-
tems such as PIM-EA-TB* have been developed with unusual
properties such as high surface area (Brunauer-Emmett-
Teller or BET surface area of 1027 m2g™), rigid pores of typically
1-2 nm diameter, and excellent processibility. Application
have been suggested as active component for optical gas sen-
sors," as ionic diodes in electrolyte media,» and desalination
processes.4 Applications in electrocatalysis have been sug-
gested for the “in situ” stabilization of nanoparticle catalysts
in fuel cells,’® and as a framework for molecular electrocata-
lysts such as FeTPP7 and TEMPO."® Recent publications have
demonstrated that microporous PIM-EA-TB can be employed
in both acidic and alkaline aqueous electrolyte media.

Previous studies on composites with PIM “framework” have
been reported on graphene - PIM-19 and on palladium “infu-
sion” into a microporous polymer.2° Catalysis reactions were
investigated for platinum nanoparticles in a hyper-crosslinked



polystyrene composite.* Here, the stabilizing effects of the
molecularly rigid polyamine PIM-EA-TB on the platinum na-
noparticle nucleation and growth process are investigated. As
illustrated in Figure 1, the platinum precursor PtCls> is pro-
posed to adsorb into the PIM-EA-TB polymer (similar to the
PdCl4> absorption reported previously>*) followed by alkaline
reduction with ethylene glycol at 130 °C to give platinum na-
noparticles dispersed within the PIM-EA-TB polymer frame-
work at fixed sites. The average distance between platinum
nanoparticles can be controlled by the volume ratio of plati-
num to PIM-EA-TB. This allows novel microporous materials
to be obtained with variable conductivity switching from a
fully conducting material at short average distance to a poorly
conductive material at longer average distance.
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Figure 1. Schematic drawing of (A) Pt precursor diffusion into
micropores, (B) adsorption to N-sites, and (C) the nucleation
and growth of platinum nanoparticles in the presence of the
rigid PIM-EA-TB capture agent (see molecular structure).

Experimental

Chemical reagents. H2PtCl6-H20 (39.89 wt. % Pt) was pur-
chased from Johnson-Matthey. Ethylene glycol (EG), dime-
thylformamide (DMF), isopropanol, and perchloric acid
(70%-72%), were obtained from Sigma-Aldrich and used
without further purification. PIM-EA-TB was synthesized fol-
lowing a literature recipe. Solutions were prepared with fil-
tered and deionized water of resistivity 18.2 MQ cm taken
from a Thermo Scientific water purification system.

Instrumentation. Electrochemical measurements were con-
ducted with a potentiostat system (pAutolab III) with a KCI-
saturated calomel reference (SCE, Radiometer, Copenhagen)
and platinum wire counter in a three-electrode cell. Morphol-
ogies of the prepared catalysts were analyzed with a JEOL 2010
high-resolution transmission electron microscope (HRTEM).
XRD spectra were obtained on X-ray diffraction (XRD Bruker
D8 ADVANCE, Madison, WI, USA) with a mono-chromatized
source of Cu-Ka radiation. The chemical composition and va-
lence state was analyzed by X-ray photoelectron spectroscopy
(XPS, PHI Quantera, U-P). Elemental microanalysis was per-
formed by Butterworth Laboratories, London, UK.

Procedures for colloid and electrode preparation. The
Pt@PIM colloid were synthesized in an alkaline ethylene gly-
col (EG) solution. A volume of 1 mL H2PtCl6-H20 solution (1.5
mg mL~ in EG) and 100, 300, 500 or 1000 pL. PIM-EA-TB dis-
persion (1 mg PIM-EA-TB powder ml~* in DMF) were added to
10 mL EG. Next, the pH value of this solution was adjusted to
8-10 (monitored with pH paper) by adding aqueous 0.1 M
NaOH solution. The solution was then heated at 130 °C for 2
h, during which the colour changed from yellow to black.
Then the mixture was cooled down to room temperature. The
products were separated by centrifugation and further puri-
fied by washing with ethanol. Finally, samples were dispersed
in 5 mL ethanol to give Pt, Pt@1PIM, Pt@3PIM, Pt@sPIM, and
Pt@10PIM colloids (see Figure 2a). Pure Pt colloid was pre-
pared in the same way but without addition of PIM-EA-TB.
Elemental analysis suggests for Pt@1PIM Pt 97.7 %, C 1.7 %, for
Pt@3PIM Pt 96.7 %, C 1.8 %, for Pt@5PIM Pt 94.7 %, C 2.2 %,
for Pt@10PIM Pt 91.6 %, C 2.1 %.

Electrodes were prepared by drop casting. After 15 min soni-
cation, a volume of 3 pL of the prepared Pt colloids was loaded
onto a 3 mm diameter glassy carbon electrode (GC, BAS UK
Ltd.). The catalyst layer was allowed to dry under ambient
conditions before performing electrochemical measurements.

Results and Discussion

Formation and characterization of platinum nanoparti-
cle networks in PIM-EA-TB. Figure 2a shows a photograph
of the ethanolic suspensions of Pt, Pt@PIM, Pt@3PIM,
Pt@sPIM, and Pt@10PIM after 12 h sedimentation time. The
Pt suspended in ethanol without PIM-EA-TB eventually set-
tled after about 1 h. However, the Pt@3PIM colloid and the
more PIM-EA-TB rich materials resulted in a black colloidal
solution without visible precipitation even after 12 h. This im-
plies that the colloidal solution based on PIM-EA-TB is stable
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in ethanol. The XRD pattern for the Pt, Pt@PIM, Pt@3PIM,
Pt@sPIM, and Pt@10PIM are shown in Figure 2b. The peaks
between 30° and 90° diffraction angles can be indexed to Pt
crystals with a face-centred cubic (fcc) structure. The peaks at
20 =39.7, 46.5, 67.7, and 81.4° are assigned to the (111), (2 0 0),
(22 0), and (311) planes of Pt, respectively. It can be seen that
in addition to nanoparticles getting smaller with more PIM-
EA-TB (leading to peak broadening) also the faceting changes
with a new broad peak appearing at ca. 50°. The volume-aver-
aged particle size was estimated according to the Scherrer
equation.z

d=kA/B cos 6 (1)

Here constant k = 0.89, A (the X-ray wavelength for Cu radia-
tion) = 0.1541 nm, B is the peak width at half-height, 0 is the
Bragg angle corresponding to the peak maximum, and d de-
notes the average diameter of the nanocrystal pellets. From
the full-width half-maximum of the (111) peak, the average Pt
particle sizes are estimated as 6.1, 4.3, 3.2, 3.2, and 3.1 nm for
Pt, Pt@PIM, Pt@3PIM, Pt@s5PIM, and Pt@io PIM, respec-
tively. These values are consistent with TEM data (vide infra).
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Figure 2. (a) Photographic image of Pt and Pt@PIM compo-
sites dispersed in ethanol after 12 h settling time. (b) XRD pat-
terns of Pt and Pt@PIM composites. The 111 peak was used for

estimating particle size from the peak width at half height £.

XPS data (Figure 3) clearly confirms the presence of nitrogen
in the Pt@PIM materials due to the structural nitrogen in the
polymer. When analysed more closely, a shoulder is seen for
the Nis peak (compare peaks for pure PIM-EA-TB at 399 and
401 eV24),
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Figure 3. (a) XPS survey spectrum of Pt and Pt@3PIM. (b) XPS

spectrum of N 1s for Pt@3PIM. (c) XPS spectra for the Pt(4f)

bands for Pt@3PIM and Pt, respectively.



As shown in Figure 3b, the N (1s) line was deconvoluted into
three superimposed peaks at 397.7, 399.2, and 4o01.0 eV. The
peaks at 399.2 and 401.0 eV are consistent with those in PIM-
EA-TB, which have been assigned to C-N nitrogen?s and pro-
tonated nitrogen, respectively. The peak at 397.7 eV is likely
to be associated with the presence of metal-nitrogen bond be-
tween the N-atom of PIM-EA-TB and the surface Pt-atoms of
the Pt nanoparticles. Figure 3¢ shows two pairs of peaks for Pt
4f corresponding to metallic Pt and an oxide species. A slight
shift to higher energy is found in the binding energies of the
PIM-EA-TB stabilized Pt, but this may be due to charging in
the polymer environment.

TEM images in Figure 4 directly confirm the presence of plat-
inum nanoparticles. Figure 4a and 4b show the distributions
and morphologies of Pt and Pt@3PIM samples produced un-
der the same conditions. Crystalline Pt nanoparticles is evi-
denced in high resolution TEM images (see Figure 4d and 4f)
by the lattice measurement. Without PIM-EA-TB the nano-
sized Pt particles are readily aggregated and grown into bigger
particles (Figure 4d). In contrast, much smaller Pt nanoparti-
cles with uniform size distribution can be seen for the PIM-
EA-TB stabilized material shown in Figure 4e-h. Correspond-
ing particle size distribution data are provided for each mate-
rial calculated from more than 200 Pt nanoparticles. The
Pt@3PIM sample shows a slightly narrower size distribution
(3.1 £ 0.2 nm), which is approximately twice smaller than the
nanoparticles in the Pt sample (6.1 £ 0.3 nm). Notably, the
shape of the nanoparticles is spherical, rather than (truncated)
cube or octahedron, which are often observed in strong lig-
and-facet interaction system, implying that the polymer does
not have facet (for example {100} or {i}) preference. From
TEM images it appears that samples are not necessarily ho-
mogenous with some darker regions being present at edges.
Further characterization by electron energy loss spectroscopy
(EELS) reveals a signal consistent with the presence of N (Fig-
ure 4c). A summary of materials and particle sizes is given in
Table 1.
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Figure 4. (3, b) TEM images and (c) EELS spectra taken in
Pt@3PIM indicating the Pt-N interaction. (d-h) HRTEM im-
ages of Pt, Pt@PIM, Pt@3PIM, Pt@5PIM, and Pt@1oPIM.

Table 1. Summary of platinum particle size data from TEM
measurements and estimated weight ratio.

Sample Weight Particle
ratio diameter
/mg:mg? /mg:mg P /nm ¢

Pt 0.68:0 0.68:0 6.1

Pt@1PIM 0.68 :0.1 0.68 : 0.011 4.3
Pt@3PIM 0.68:03 0.68:0.012 3.1
Pt@sPIM 0.68:0.5 0.68:0.016 3.1
Pt@ioPIM 0.68 : 1.0 0.68 : 0.016 3.1

2 weight of platinum : weight of PIM-EA-TB in 5 mL ethanol.
b weight of Pt : weight of C by elemental microanalysis.

< from TEM as average from >200 particles (see Figure 4).

When investigating Pt/C elemental analysis data (Table 1), it
is apparent that most of the PIM-EA-TB polymer is lost in the
washing step and only PIM-EA-TB firmly bound to Pt is cap-
tured in the composite. Saturation occurs for Pt@sPIM and
Pt@10PIM, at which point additional polymer does not add to
the carbon content. These data are consistent with the fact
that at this point also stable colloids are formed and that the
Pt nanoparticle diameter remains constant for Pt@5PIM and
Pt@1oPIM.



Electrochemical characterization of platinum nanoparti-
cle networks in PIM-EA-TB. When studying the voltammet-
ric signature of the platinum nanoparticles in aqueous 0.1 M
HCIO4, typical responses associated with processes in the hy-
drogen region (-0.25~0.1 V), the double layer region (0.1~0.4
V), and the oxide region (0.4~0.95 V) are observed (see Figure
5a). From the area under the hydrogen region the electro-
chemically active surface area (ECA26) can be estimated. The
ECA for the platinum was calculated from measuring the
charge collected in the hydrogen adsorption/desorption re-
gion (see Qu) and assuming a conversion constant of 210 pC
cm. Values are typically 10 to 20 m?g™. Here, this ECA value
reflects both (i) the total surface area of platinum present on
the electrode surface and (ii) the electronic conduction
through the Pt@xPIM composite material. Data in Figure 5b
show an initial increase in surface area when adding the PIM-
EA-TB stabilizing agent. This is consistent with the decreasing
particle size and therefore increasing total surface area. How-
ever, at higher polymer content beyond Pt@3PIM the appar-
ent surface area (ECA) decreases again. This is in spite of the
platinum nanoparticle diameter remaining small (see Table 1).
This observation can be rationalized here based on the loss of
electronic conductivity (loss of conductivity at the percolation
threshold or loss of conductivity due to too much rigid cap-
ping agent).

There are two possible reasons for the loss of electronic con-
ductivity: (i) platinum particles are smaller in size so that the
rate of tunneling of electrons across the rigid polymer back-
bone holding the platinum particles becomes insufficient (ra-
dius r is decreased) or (ii) the “occupancy” of platinum parti-
cles in nitrogen sites along the polymer backbone is decreased
to the point that the inter-particle distance is too long for elec-
tron tunneling. Both scenarios could contribute to the ob-
served behavior.

It may be possible to consider the case of Pt@3PIM consistent
with not more than one “capping layer” inter-particle dis-
tance, as opposed to the Pt@5PIM and Pt@10PIM cases, where
“saturation in capping” could lead to inter-platinum particle
distances higher than the maximum tunnel distance. Conduc-
tivity in nanoparticle assemblies is strongly dependent on the
inter-particle distance” and models based on percolation
transport have been developed to explain conductivity quan-
titatively. An inter-particle tunnel distance of approximately 1
to 2 nm is often considered feasible,?® but for longer distance
tunneling the rate drops exponentially, which is likely to cause
loss of electrical conductivity. For Pt@3PIM a limit seems to
be reached with apparent loss in electrochemically active plat-
inum surface area beyond this point.

In terms of future applications, Pt@3PIM offers a highly elec-
trochemically active surface area (for example for electrocatal-
ysis) and possibly a high sensitivity towards reversible swell-
ing and deformation (for sensing in smart devices). Conduct-
ing nanoparticle networks may also be relevant in percolating
networks with neuromorphic behavior? and in particular in
stress and pressure sensors3° or in gas sensors.3'
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Figure 5. (a) Cyclic voltammograms (scan rate 0.05 Vs™) for Pt
and Pt@3PIM immersed in 0.1 M HCIO4. (b) Hydrogen ad-
sorption region within cyclic voltammograms for different
samples. (c) Electrochemically active surface area (ECA) ver-
sus Pt@PIM sample. (d) Schematic mechanism of hydrogen
adsorption/desorption in PIM-EA-TB stabilized Pt coupled to
electrical conductivity.



Conclusion. It has been shown that PIM-EA-TB can be em-
ployed to grow and to stabilize platinum nanoparticles in eth-
anolic solution. The nanoparticles form with approximately 3
- 4 nm diameter (depending on platinum to polymer weight
ratio) and the inter-particle distance is affected by the result-
ing platinum to PIM-EA-TB volume ratio and the extent of
capping with rigid PIM-EA-TB. The inter-particle distance is
likely to be an important parameter in providing electrical
conductivity through the network, but further work will be re-
quired to determine and explore this parameter, for example
also in conjunction with the molecular weight of the poly-
meric capping agent. In future, nanocomposite materials
based on PIM-EA-TB with embedded nanoparticles could be
of wider use. As a highly molecularly rigid structure PIM-EA-
TB offers binding sites without blocking embedded metal na-
noparticle surface sites, which could be of use in catalysis.
Other types of metal or metal oxide nanostructures could be
embedded into the PIM host for applications in a wider range
of applications including sensing devices.
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