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Creating effective and stable catalyst nanoparticle-coated electrodes that can withstand extensive cycling
is a current roadblock in realising the potential of polymer electrolyte membrane fuel cells. Graphene has
been proposed as an ideal electrode support material due to its corrosion resistance, high surface area
and high conductivity. However, to date, graphene-based electrodes suffer from high defect concen-
trations and non-uniform nanoparticle coverage that negatively affects performance; moreover, pro-
duction methods are difficult to scale. Herein we describe a scalable synthesis for Pt nanoparticle-coated
graphene whereby PtCl, is reduced directly by negatively charged single layer graphene sheets in solu-
tion. The resultant nanoparticles are of optimal dimensions and can be uniformly dispersed, yielding high
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catalytic activity, remarkable stability, and showing a much smaller decrease in electrochemical surface
area compared with an optimised commercial catalyst over 30 000 cycles. The stability is rationalised by
identical location TEM which shows minimal nanoparticle agglomeration and no nanoparticle
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1. Introduction

Satisfying global energy demands without damaging the
environment is one of the great modern challenges. Using
hydrogen in fuel cells provides a route to convert chemical
into electrical energy with water as the only by-product at the
point of use. Hydrogen fuel cells therefore provide a route to
an efficient, environmentally-friendly, non-toxic electro-
chemical power source suitable for a wide range of
applications.”

Of the many designs of fuel cells, the hydrogen fuelled
polymer electrolyte membrane/proton exchange membrane
(PEM) fuel cell is one of the most suitable for transport appli-
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cations due to its fast start-up time, low temperature operation,
solid electrolyte and favourable power-to-weight ratio.
Currently, the most widely used catalyst for both the hydrogen
oxidation reaction (HOR) at the anode and oxygen reduction
reaction (ORR) at the cathode is platinum, or an alloy contain-
ing platinum.”” The electrochemically active surface area per
gram of metal can be maximised by creating platinum nano-
particles with optimized surface area-to-volume ratio. The
ideal nanoparticle diameter for a fuel cell cathode is on the
order of ~2 nm.* Smaller Pt nanoparticles possess more strain,
leading to weaker O, binding and better ORR performance.>
However, below 2 nm the higher proportion of low coordi-
nation number Pt atoms which bond strongly with O, leads to
less catalytically active platinum,* moreover they readily
agglomerate.””’

In order to maximize Pt utilization, nanoparticles are typi-
cally decorated onto a porous carbon based support; this also
promotes electronic connection and allows reactant gases to
reach the catalyst. Catalyst durability is a significant challenge,
especially when operating at low loading. Platinum nano-
particles degrade via various mechanisms across the 0.6-1
Vrue Operating potential range, with carbon corrosion becom-
ing more significant between 1-1.6 Viyyi.* Both of these poten-
tial ranges are directly relevant to fuel cell applications, where
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0.6-1 Vgyg is typical of standard operating voltages, and 1-1.6
Vrug reflects the start-up and shut-down of the fuel cell.®™°

Graphene'' has properties that could provide a high per-
formance catalyst support'? as it has high conductivity’® and a
very high surface area. Additionally, graphene has shown
chemical resistance in acidic conditions.'* However, the gra-
phene used in the experiments which confirmed these pro-
perties was made by the non-scalable micromechanical clea-
vage or “scotch-tape” method. In order to exploit the pro-
perties of graphene on a larger scale much research effort has
been dedicated to developing methods for the mass pro-
duction of graphene.'>*¢

Liquid phase exfoliation of graphite provides a scalable gra-
phene production method, and the liquids can then be used
to efficiently cast the dispersed graphene sheets into working
electrodes.'® For producing a graphene-supported catalyst, by
far the most common approach is via liquid-processable gra-
phene oxide (GO) created from graphite using a modified
Hummer’s method.'”>® High temperatures and/or aggressive
chemicals are used to only partially reduce the non-conductive
GO to conductive reduced graphene oxide rGO."”™>® Finally,
the rGO is then modified with the addition of metal nano-
particles. Unfortunately, the multiple energy intensive steps
typically include ultracentrifugation and high temperatures,
which are difficult to scale. Furthermore, the rGO contains a
high number of defects which negatively impacts the electro-
de’s durability,’ especially at higher voltages associated with
fuel cell start-up and shut-down (1-1.6 Vgyg). As a result, accel-
erated stress tests are typically only carried out across the 0.6-1
Vrue range, and rarely for more than a few thousand cycles to
mitigate the damage that occurs over long cycles and higher
loads. Table S1f presents a literature summary of accelerated
stress test protocols and results. These generally fall far from
the 30 000 cycle target set by the US DoE,**"” and rarely con-
sider the 1-1.6 Vg potential range.

An alternative strategy to exfoliate layered materials is to
intercalate arrays of alkali metals between their layers and
then dissolve the resulting compound in polar aprotic
solvents.”’° These solutions can form spontaneously (i.e.
without any agitation) with solutes comprising negatively
charged 2D materials (termed graphenide in the case for nega-
tively charged graphene) and positively charged cations.
Graphenide solutions have been synthesised**> using stage
1 graphite intercalation compounds (GICs), which have alkali
metals between each graphene layer.>® GICs such as KCg are
known as precursors for metal-graphites®® and it has been
shown that the negative charge on the graphenide can be used
to reduce some metal salts to form metal particles (Mn, Zn,
Cu) on a 10-200 nm scale.”® More recently this has also been
achieved for metal and metal oxide nanoparticles.**?%3”

In this work, for the first time, uniformly-sized Pt nano-
particles have been grown on a low-defect graphene support in
a scalable, one-pot synthesis. This is achieved by reacting gra-
phenide solutions with PtCl,. It has been shown that using a
low and controlled alkali metal: graphene ratio, produces
stable, extremely well dispersed Pt nanoparticles of ideal

16114 | Nanoscale, 2020, 12, 16113-16122

View Article Online

Nanoscale

dimensions for PEM fuel cell catalysis. The graphenide-derived
platinum nanoparticle/graphene hybrid (GD-Pt/G) is shown to
catalyse ORR, with a performance that matches that of a state-
of-the-art commercial Pt/C catalyst. Furthermore, GD-Pt/G exhi-
bits excellent durability compared to the commercial Pt/C cata-
lyst across both 0.6-1 Vgyg and 1-1.6 Vg potential range
accelerated stress tests. The accelerated stress tests are in line
with DoE protocols and are conducted over many more cycles
than comparable literature (see Table S17).

2. Experimental section
2.1 Production of charged graphene dispersion

Graphite (~325 mesh, Sigma) was evacuated down to a
pressure of 10°® mbar and outgassed at 400 °C until base
pressure was achieved. This was then loaded into an argon
glove box (H,O < 0.1 ppm, O, < 0.1 ppm) and placed in a
sealed reaction vessel with potassium metal (Sigma, 99.95%)
at a K:C ratio of 1:24. This reaction vessel was then placed
onto a high integrity gas manifold and evacuated to 10~°
mbar. Anhydrous NH; was condensed onto the reaction vessel
at —60 °C until the characteristic deep-blue colour®® of the
dilute (<1 moles percent metal, i.e. <1 moles K for 99 moles
NH;) metal-ammonia solution was seen. When the liquid
turned colourless, indicating that intercalation had been com-
pleted, the NH; was cryopumped from the sample, leaving a
light blue powder® of KC,4(NH3); ; graphite intercalation com-
pound (GIC). Previous C'* NMR studies of these GICs have
shown that there is only one C atom environment, as expected
from an unfunctionalised eclipsed stacking arrangement of
the C layers with electrons donated from the metal to the
graphite, delocalised.’’ This metal-ammonia GIC was then
transferred to a glove box where THF was added at a concen-
tration of 5 mg ml™". In order to increase the concentration of
the negatively charged graphene platelets in a timely manner,
bath sonication was applied, in a method previously
reported.>® The resultant solutions were allowed to settle in
the glove box for a further 24 hours before the supernatant was
separated from undispersed powder for use.

2.2 Production of PtCl, dispersion

PtCl, was added to THF inside the glove box at a concentration
of 1 mg ml™". This was then sonicated for 30 minutes, keeping
the temperature below 30 °C.

2.3 Reaction of graphene dispersion with PtCl,

In the glovebox, the PtCl, dispersion was added to the charged
graphene liquid in a stoichiometric amount, assuming a 100%
yield of GIC to graphenide production and a reaction where
2 moles of potassium are required to reduce 1 mole of PtCl,.
As undispersed GIC powder remained in the bottle the super-
natant was taken from, this results in an excess of PtCl,. This
was left to react under gentle stirring overnight.

This journal is © The Royal Society of Chemistry 2020
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2.4 TEM

Once the GD-Pt/G hybrid was synthesized in THEF, it was drop-
cast onto a holey carbon grid. For identical location TEM, gold
mesh “finder” grids were used. TEM was then performed on a
Jeol JEM 2100 equipped with a LaBg source.

2.5 Rotating disk electrochemistry

A 40 pl aliquot of GD-Pt/G ink was dropped onto a polished
(Al,O; micro-polish, Bueler) 0.1963 cm” glassy carbon elec-
trode, achieving a loading of ~10 pgp, cm™>. Subsequently 8 pl
of 0.02 wt% Nafion ionomer solution was added to the surface
of the electrode, serving as a binder. This was used with a stan-
dard three-electrode cell, containing 0.1 M HCIO, electrolyte
solution, a reversible hydrogen electrode (Gaskatel) and a Pt
mesh counter electrode. For the commercial Pt/C (Johnson
Matthey HiSpec4000), 1 mg of the catalyst was dispersed in
1 ml of 0.05 wt% Nafion in 75%/25% water/IPA mixture. A
loading of 35 pgp. cm™> was deposited onto the glassy carbon
electrode. The PtCl, ink control sample was produced by
adding PtCl,/THF dispersion to an amount of THF equivalent
to the volume of graphenide solution used in the preparation
of GD-Pt/G (in total 0.62 mg m1™*). The electrode was then pre-
pared following the same procedure as used for the GD-Pt/G
ink, providing a control sample with the same amount of PtCl,
on the electrode, that would have been on the GD-Pt/G elec-
trode if there had been no reaction with graphenide. Working
electrodes were first electrochemically activated via rapid
cycling (500 mV s™', 50 cycles) between 0.05 Vg and 1.2
Vrue. Cyclic voltammograms were obtained by cycling the
working electrode between 0.025 Viyug and 1.2 Vgyg at room
temperature, under N, flow, at a scan rate of 20 mV s

In order to investigate ORR activity, linear sweep voltamme-
try was performed at room temperature under constant O, flow
at 1600 rpm. The scans were performed at 20 mV s~' between
—0.01 Vgyg and 1 Vepg.

To examine the durability of the platinum nanoparticles
and the graphene support, corrosion experiments were carried
out across both 0.6-1 Vgyg and 1-1.6 Vyyg ranges. Here, the
working electrode was cycled at 100 mV s™', and then at
various intervals, a full CV was taken between 0.025 Vyyg and
1.2 Vryug at 20 mV s™' in order to obtain the ECSA.*' 30000
cycles were carried out for each durability test.

2.6 Image processing

Using Gwyddion software, Fig. 2(b) was thresholded to only
select the Pt nanoparticles, making it possible to determine
the co-ordinates of every detected nanoparticle centre and
measure the distances between each centre. This information
was used to create the radial distribution function shown in
Fig. 2(d), with the average number density calculated by
number of detected particles in an area of known size (754
nanoparticles in 66 651 nm?).

This journal is © The Royal Society of Chemistry 2020
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3. Results and discussion

The charged graphene dispersion was synthesised via the
“metal-ammonia” method, which can produce exclusively
single layer graphenide as previously reported® and is
described in detail in the Methods section. The solutions are
stable due to the charge on the graphene. The process for
making the GD-Pt/G material is shown schematically in Fig. 1.
The reaction occurs when platinum(u) chloride dispersed in
THF is added to the dispersion of negatively charged graphene
sheets in THF. Once the reaction is complete the graphene is
uncharged, and as a result the material flocculates,® with
platinum nanoparticles separating the individualised gra-
phene sheets. The restacked structure can be seen in Fig. S1,f
where a platinum-covered graphene sheet is disturbed by the
transmission electron microscope (TEM) beam. This causes
one sheet to slide across another, revealing more of the under-
lying sheet, which is also decorated with platinum nano-
particles. This is further supported by Raman spectroscopy of
GD-Pt/G shown in Fig. S2.}

The 2D peak can be fitted with a single Lorentzian centred
on ca. 2700 cm™', with a FWHM of ca. 67 cm™", suggesting a
turbostratic restacking of graphene.*” Furthermore, the I(D)/
I(G) is 0.33 which is significantly lower than the I(D)/I(G)
reported for rGO supports,”®>>*>** suggesting GD-Pt/G is less
defective. Fig. 2 presents TEM micrographs of GD-Pt/G,
obtained via the reaction of sonication-aided dissolution of
KC,4(NH3), 3 with PtCl,. The resultant material consists of
~micron-sized layered structures covered uniformly with a
high density of nanometre sized objects. Fig. 2(a) shows a
close up image of a GD-Pt/G sheet. Analysis of the lattice
planes, shown in Fig. S3,f confirms the nanoparticles to be
metallic Pt as expected, with the (111) planes of the Pt nano-
particles marked on the micrograph. This suggests that the Pt
nanoparticles are formed by the on-sheet reduction of PtCl, by
the delocalised charge present on the graphene sheets.

By manually measuring 1034 nanoparticles in Fig. 2(a), the
particle diameter distribution displayed in Fig. 2(c) has been
obtained. The histogram is well-fitted by a Gaussian function
from which the mean diameter of the Pt was calculated to be
(1.7 £ 0.6) nm. By stitching together many nanometre-resolu-
tion micrographs (Methods), it was possible to produce a com-
posite TEM micrograph, allowing for the high resolution
required to distinguish individual nanoparticles to be realised
across a much larger area (ca. 1 pm?). Fig. 2(b) demonstrates
the homogeneity of the distribution of the nanoparticles on
the graphene surface, with very few examples of agglomerate
particles. The distribution of the nanoparticles was investi-
gated by calculating the Pt-Pt site-centre, site-centre radial dis-
tribution function, g(r), of the Pt nanoparticles (Fig. 2(d),
Methods). The g(r) demonstrates the Pt particles are well
ordered with respect to one another. The distribution has a
clear peak at 2.5 nm, corresponding to the average inter-par-
ticle nearest neighbour distance, and a smaller second peak at
4.75 nm. As well as the size of the particles, the edge-to-edge
distance between nanoparticles makes a significant difference

Nanoscale, 2020, 12, 16113-16122 | 16115
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Fig. 1 Reaction scheme for the reduction of PtCl, by graphenide to produce Pt(0) particles on graphene.

in catalytic activity, with a significant increase in specific
activity as the separation decreases below 1 nm.*> With an
average edge-to-edge distance of 0.8 nm, this proximity effect
may contribute to GD-Pt/G’s strong electrocatalytic perform-
ance (as discussed in the results shown below).

Rotating disk electrode experiments were carried out to
investigate the performance of the GD-Pt/G as a catalyst for
ORR. Cyclic voltammetry was used to calculate the electro-
chemical surface area (ECSA) of a GD-Pt/G sample, a commer-
cial Pt/carbon sample and a PtCl, control sample (Fig. S47).
The hydrogen adsorption and desorption regions of the CV for
GD-Pt/G show no distinct peaks, suggesting the broad peaks
observed are a convolution of the peaks associated with the
crystal facets of platinum and that the nanoparticles are poly-
crystalline.”® Using X-ray photoelectron spectroscopy (XPS), a
typical GD-Pt/G sample was found to be 11.5 wt% platinum,
with a corresponding RDE loading weight of 10.3 pgp ecm™>
(Fig. S51). The ECSA of GD-Pt/G was found to be 94.40 m’
gpe ', which compares favourably with the ECSA of Pt/carbon,
58.21 m” g, . The high ECSA can be attributed to the fine
distribution of platinum nanoparticles in GD-Pt/G. The PtCl,
control sample, with an ECSA of 0.29 m” g,~', shows that any
contribution to excess PtCl, of catalytic activity, when com-
pared to GD-Pt/G, is negligible (Fig. S47). Furthermore, there

16116 | Nanoscale, 2020, 12, 16113-16122

are no features of platinum in the PtCl, CV, only double layer
capacitance.

Fig. 3 presents the linear sweep voltammograms and associ-
ated Tafel plots obtained for GD-Pt/G and commercial Pt/C
electrodes, measured at a rotation rate of 1600 rpm in 0.1 M
HCIlO,, with a scan rate of 20 mV s™* in accordance to DOE
protocols adapted for RDE (See ESIT).

In Fig. 3(a) it can be seen that the GD-Pt/G electrode closely
matches the onset and half-wave potentials and limiting
current of the highly-optimised commercial Pt/C electrode.
Specific and mass activities were calculated from the kinetic
current, obtained from the current measured at 0.9 Vggg.*!
Although specific activities were found to be similar (465 and
413 pA cmyp, > for GD-Pt/G and Pt/C respectively), the mass
activity of GD-Pt/G was approximately twice as large as of the
commercial sample, as shown in Table 1. The observed
increased mass activity suggests that the graphene support
improves the utilisation of the available platinum nano-
particles, likely due its facilitation of the formation of well-dis-
persed Pt nanoparticles, and its high conductivity.*”*”*®

The Tafel plots displayed in Fig. 3(b) were obtained from
Fig. 3(a) by calculating mass-transport corrected kinetic
current densities and plotting them against potential. The
associated Tafel slopes were estimated to be 56 mV dec™" for

This journal is © The Royal Society of Chemistry 2020


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0nr03326j

Open Access Atrticle. Published on 29 June 2020. Downloaded on 12/5/2025 8:51:04 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

[{ec

View Article Online

Nanoscale Paper

1 2 3 4
Particle diameter (nm

T D15

g5

w -t

S e !

t 2

8 505

S

o

= 2

== ]

g ? 2 4 6 8
© Distance (nm)

Fig. 2 (a) Single transmission electron micrograph of the same sheet exhibited in (b) showing the (111) distance of a platinum nanoparticle. (b)
Composite transmission electron micrograph of a graphene sheet decorated with Pt nanoparticles. (c) A histogram of 100 nanoparticle diameters
measured manually from (a), fit with a Gaussian. (d) Radial distribution function, g(r), calculated using centres of particles detected using image pro-
cessing software (Methods).

Q
O

0 ) N
—— GD-P/G 0.97 . —— GD-Pt/G
.14 —— Pt/C Commercial — Pt/C Commercial
- "o 0.961
o o
< =
& < 0.95-
I E
£ g 094
(®)
0.93 -
-6 . ; 0.92 : .
0.0 +0.5 +1.0 1 2
Potential (Vgue) Log (Jx /mAcm?)

Fig. 3 (a) Linear sweep voltammograms for ORR in O, saturted 0.1 M HClIO,4, comparing the activity of GD-Pt/G with a commercial Pt/C catalyst,
rotation rate 1600 rpm, scan rate 20 mV s™*. (b) Tafel plots derived from 3(a) for ORR on GD-Pt/G and Pt/C electrodes.

This journal is © The Royal Society of Chemistry 2020 Nanoscale, 2020, 12, 16113-16122 | 16117


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0nr03326j

Open Access Article. Published on 29 June 2020. Downloaded on 12/5/2025 8:51:04 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

Table 1 Summary of electrochemical

surface area, specific activity and

mass activity of GD-Pt/G compared with a commercial Pt/C catalyst

ECSA Specific activity Mass activity
Material (m*gp ) (HA cmp?) (Amgy ")
GD-Pt/G 94.0 465 0.44
Pt/C 54.8 413 0.23
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GD-Pt/G, and 54 mV dec™" for commercial Pt/C. These values
suggest that for both catalysts, the ORR proceeds via the pre-
ferred 4-electron pathway, for which the coverage of the
adsorbed oxygen intermediates is the rate limiting factor."*°
The ORR mechanism is further evidenced by rotating ring-disk
electrode experiments, in which the number of electrons trans-
ferred was found to be above 3.9 across the entirety of the
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Fig. 4 (a) Cyclic voltammograms for GD-Pt/G measured across the 0.6—1 Vgye accelerated stress test, with associated normalised change in
electrochemical surface area, compared with Pt/C, and polarisation curves shown in (b) and (c) respectively. (d) Cyclic voltammograms for GD-Pt/G
measured across the 1-1.6 Vgye accelerated stress test, with associated normalised change in electrochemical surface area, compared with Pt/C,
and polarisation curves shown in (e) and (f) respectively.

16118 | Nanoscale, 2020, 12, 16113-16122

This journal is © The Royal Society of Chemistry 2020


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0nr03326j

Open Access Article. Published on 29 June 2020. Downloaded on 12/5/2025 8:51:04 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Nanoscale

potential range, and the percentage of H,0, produced
remained below 1% (Fig. S6 and S77). To assess the durability
of the GD-Pt/G catalyst, accelerated stress tests were carried out
for 30000 cycles between both 0.6-1 Vgyp and 1-1.6 Vgpg
based on DoE accelerated stress tests (see ESIT). The cyclic vol-
tammograms, the ORR polarisation curves and the associated
relative change in the normalised electrochemical surface
areas (ECSAs), are shown in Fig. 4. Fig. 4(a) and (d) show the
cyclic voltammograms measured for GD-Pt/G at 10000 cycle
intervals, from which the hydrogen adsorption peaks
(0.075-0.4 Vgyg) were used to calculate the ECSAs.

The ECSA values were then normalised to the initial ECSA
and plotted against the number of accelerated stress test
cycles, presented in Fig. 4(b) and (e). From these figures, it can
be seen that, across the 30 000 cycles, the ECSA of commercial

View Article Online
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Pt/C sample degraded by as much as 30% and 50% during the
0.6-1 Vpyg and 1-1.6 Vgyg, tests respectively. Meanwhile,
GD-Pt/G maintained its activity remarkably well, showing a
comparatively small ECSA loss of 21% and 19% for the same
number of cycles. The stability is further reflected in the ORR
polarisation curves shown in Fig. 4(c) and (f), which show neg-
ligible change in the onset potentials, and very little change in
half-wave potentials and limiting currents after 30 000 cycles
(Table S27).

These results show our GD-Pt/G material show best in class
durability when compared to any platinum graphene based
ORR catalyst reported in the literature as summarised in
Table S1.f Upon cycling, the decrease in catalytic activity in
typical Pt/C catalysts is due to the corrosion of the carbon and
the change in distribution of the platinum within the system.

O cycles

30,000 cycles

— 10 NM

Fig. 5

Identical location TEM images at varying length scales. (a) and (d) show a micron length stitch before and after corrosion, respectively. (b)

and (e) correspond to the highlighted red boxes in (a) and (c), showing an area two hundred nanometres across, built-up of atomic resolution
images. (c) and (f) correspond to the highlighted blue boxes in (b) and (e), where examples of nanoparticle migration and agglomeration are high-

lighted in red and the added Nafion layer shown blue.

This journal is © The Royal Society of Chemistry 2020
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Suggested mechanisms for these changes are: size increase of
platinum nanoparticles via 3D Ostwald ripening, migration/
agglomeration of platinum nanoparticles, platinum dis-
solution into the electrolyte and the detachment of platinum
nanoparticles from the carbon support due to carbon
corrosion.””’

The effects of these mechanisms can be observed using
identical location TEM (ILTEM), which offers the unique
ability to image the same area of material before and after
cycling, where the TEM grid is directly used as the working
electrode.” To further investigate the durability of GD-Pt/G,
ILTEM was performed to give a qualitative assessment of
which corrosion mechanisms were responsible for activity
loss. Gold ILTEM grids were prepared via drop-casting GD-Pt/G
ink and examined before and after 30 000 0.6-1 Vgyg potential
cycles. Fig. 5 shows composite TEM micrograph stitches of the
same area of a sample of overlapping sheets of GD-Pt/G at
various length scales, before and after the accelerated stress
test. Fig. 5(a) and (d) present ca. 1 pm length of material. At
this resolution, it can be seen that the GD-Pt/G remains almost
completely unchanged, showing clear resistance to the typical
corrosion mechanisms seen in commercial Pt/C catalysts.” The
structure of the nanoparticle distribution appears to be
unaffected by the cycling: in order to find any differences it is
necessary to evaluate the sample at much higher resolutions.
The areas shown in the red rectangles in Fig. 5(a) and (d), are
shown at a higher resolution in Fig. 5(b) and (e), respectively.
The sections in blue are then shown at an even higher resolu-
tion in Fig. 5(c) and (f), where the composites are built from
atomic resolution micrographs. At this resolution, it is poss-
ible to observe small changes in the distribution of the nano-
particles. In Fig. 5(c) and (f), examples of platinum nano-
particles agglomerating have been highlighted in red. As these
particles can be seen to have moved small distances to agglom-
erate, it appears that this has occurred via the migration
mechanism rather than via Ostwald ripening. Importantly,
there are no distinguishable cases of nanoparticle detachment.
The blue area along the edge of the graphene sheet shown in
Fig. 5(f) highlights the presence of the Nafion added as part of
the accelerated stress test. The changes in platinum nano-
particle distribution and graphene sheets shown in Fig. 5 are
much less significant than what is typically observed with com-
mercial Pt/C catalysts,” where extensive nanoparticle agglom-
eration and loss of up to half of the nanoparticles can be
observed in as few as 4 hours of cycling.>® This is consistent
with the small relative decrease in the activity of the GD-Pt/G
catalyst. In the majority of methods, nanoparticles are formed
via reduction of a platinum precursor by a secondary reducing
agent and interact with the supporting material via van der
Waals force. Previous studies®*?” have suggested that the dis-
tribution of nanoparticles is due to the limited supply of
charge available to reduce the platinum precursor. By making
use of the metal-ammonia method to intercalate graphite, it
has been possible to obtain a stage 1 GIC (KC,4(NHj3);3) in
which the graphene sheets have lower charge density than for
the typical stage 1 compound KCs.***” The lower charge ratio
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may explain the production of smaller nanoparticles, well-
suited for electrocatalysis.

The stability of the platinum nanoparticles on GD-Pt/G can
be attributed to the direct reduction of the PtCl, by the nega-
tively charged graphene sheets, which anchors the nano-
particles to them directly, as suggested by Hof et al.**>> The
improved durability of the graphene across the 1-1.6 Vgrug
accelerated stress test compared with carbon and other
reduced graphene oxide supported catalysts is likely due to the
method with which the graphene is produced. This results in
graphene with a low number of defects, meaning there are
fewer sites for the initiation of carbon corrosion.>**’

4. Conclusion

In summary, a scalable method that directly makes use of
charged graphene sheets to reduce PtCl, has been used to
produce high quality graphene decorated with well-dispersed
platinum nanoparticles (GD-Pt/G). GD-Pt/G has been shown to
exhibit excellent activity toward the ORR, closely matching the
performance and mechanism of a highly-optimised commer-
cial Pt/C catalyst. Furthermore, GD-Pt/G demonstrates very
high stability, showing much smaller relative decreases in
electrochemical surface area and performance than commer-
cial Pt/C across a much larger number of cycles than pre-
viously reported in the literature. Transmission electron
microscopy has been used to characterise the nanoparticle dis-
tribution across large surface areas. Using identical location
TEM, it has been shown that the relatively small changes in
activity post-cycling may be attributed to the excellent dura-
bility of the graphene sheets, low levels of agglomeration and
lack of detachment of platinum nanoparticles. As a result, it is
expected that GD-Pt/G is suitable for scale up for use in mem-
brane electrode assemblies within fuel cells and electrolysers.
As a general synthesis method this has the potential to
produce different metal nanoparticles finely dispersed across
graphene which could be tailored for electrochemical appli-
cations across the fields of -catalysis, sensors and
supercapacitors.
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