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corrosion resistant oxygen reduction electrodest
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Graphene-related materials are promising supports for electrocatalysts due to their stability and high surface
area. Their innate surface chemistries can be controlled and tuned via functionalisation to improve the
stability of both the carbon support and the metal catalyst. Functionalised graphenes were prepared using
either aryl diazonium functionalisation or non-destructive chemical reduction, to provide groups adapted for
platinum deposition. XPS and TGA-MS measurements confirmed the presence of polyethyleneglycol and
sulfur-containing functional groups, and provided consistent values for the extent of the reactions. The
deposited platinum nanoparticles obtained were consistently around 2 nm via reductive chemistry and
around 4 nm via the diazonium route. Although these graphene-supported electrocatalysts provided a lower
electrochemical surface area (ECSA), functionalised samples showed enhanced specific activity compared to
a commercial platinum/carbon black system. Accelerated stress testing (AST) showed improved durability for
the functionalised graphenes compared to the non-functionalised materials, attributed to edge passivation
and catalyst particle anchoring.
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There is an increased drive in the search for alternative energy
sources to cope with society's growing demands. The develop-
ment of polymer electrolyte fuel cells (PEMFCs) has the poten-
tial to resolve a number of global energy challenges." Current
platinum-supported catalysts for the electrochemical oxygen
reduction reaction (ORR) rely on costly carbon-supported plat-
inum nanoparticles (generally, Pt/C catalysts with platinum
loading up to 60 wt%) which undergo degradation over repeated
cycling.” The strong dependence on platinum-based catalysts
for the challenging ORR reaction is one of the limitations on
wider implementation of PEMFCs. Carbon black remains the
most used support material to enhance Pt activity towards ORR;
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however, the support must supply conflicting demands, stabil-
ising the hydrophilic platinum particles against ripening, whilst
avoiding excessive water flooding, and suppressing oxidative
degradation reactions. As an alternative to carbon black,

‘Department of Chemical Engineering, Imperial College London, London, SW7 2AZ,
UK

sDepartment of Chemistry, University College London, London, WC1H 0A], UK
"Department of Physics and Astronomy, University College London, London, WC1H
04], UK

T Electronic supplementary
https://doi.org/10.1039/d2ta03487e
1 Equal contribution.

information (EST) available. See

J. Mater. Chem. A, 2022, 10, 20121-20127 | 20121


http://crossmark.crossref.org/dialog/?doi=10.1039/d2ta03487e&domain=pdf&date_stamp=2022-09-24
http://orcid.org/0000-0002-0386-7123
http://orcid.org/0000-0003-1094-3822
http://orcid.org/0000-0002-1791-8999
http://orcid.org/0000-0002-1652-2204
http://orcid.org/0000-0001-6592-7403
http://orcid.org/0000-0002-5298-780X
http://orcid.org/0000-0003-2550-0012
http://orcid.org/0000-0003-0005-0633
http://orcid.org/0000-0002-8545-3126
http://orcid.org/0000-0001-9384-9043
https://doi.org/10.1039/d2ta03487e
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2ta03487e
https://pubs.rsc.org/en/journals/journal/TA
https://pubs.rsc.org/en/journals/journal/TA?issueid=TA010037

Open Access Article. Published on 31 August 2022. Downloaded on 4/8/2026 9:12:53 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Journal of Materials Chemistry A

graphene remains one of the most promising new materials in
this field; its unique electrical properties make the electron
transfer between graphene and substrates more favourable,
whilst providing a very high accessible surface area.> However,
low Pt catalyst utilisation efficiency remains a challenge for
carbon-based support materials. Different strategies have been
studied to improve platinum utilisation, including the prepa-
ration of mesoporous platinum catalysts,* reducing platinum
loading® or improving platinum dispersion.® Functionalisation
of the carbonaceous support can anchor the platinum particles
to the surface, controlling both metal deposition and subse-
quent activity. Both covalent” and non-covalent® introduction of
oxygen functionalities can provide sufficient interaction to
increase the stability of the electrocatalyst on graphene.
However, the nature of the functional group stabilising the Pt
nanoparticle and the extent of functionalisation will affect the
nanoparticle size and thus, the platinum efficiency.

This paper reports the synthesis of several graphenes func-
tionalised with a variety of functional groups using a reductive
chemistry approach®™ and the traditional aryl diazonium
functionalisation.”” The chosen functional groups contained
moieties that can increase Pt nanoparticle stabilisation whilst
improving graphene dispersibility in organic solvents. The
impact of the type of functionality on the efficiency of the
material as an ORR catalyst was subsequently assessed.

2 Experimental section
2.1 Materials

Few-layer graphene (FLG) feedstock was obtained from Cam-
bridge Nanosystems UK, with a carbon purity >99.5% and an
average lateral size of 1.2 pm. All the graphite starting materials
were used without any further purification, though dried thor-
oughly as described below. Dimethylacetamide (DMAc, Sigma-
Aldrich) was dried over 20 vol% 4 A activated molecular
sieves. Naphthalene (99%, Sigma-Aldrich) was dried under
vacuum in the presence of phosphorus pentoxide before use.
Sodium (99.95%, ingot), sodium borohydride, bromo-
thioanisole, aniline-2-sulfonic acid and potassium hexa-
chloroplatinate were purchased from Sigma-Aldrich and used
as received.

2.2 Experimental procedures

2.2.1 Preparation of sodium-naphthalide solution. A stock
sodium-naphthalide solution was prepared to allow for simple,
accurate addition of sodium to the corresponding graphite
starting material. 23 mg (1 mmol) sodium and 128 mg (1 mmol)
dried naphthalene were added to 10 mL degassed anhydrous
DMACc in a N,-filled glove box, and stirred for 1 day until all
sodium had dissolved, forming a dark-green solution. Bromi-
nated 5 kDa mPEG (mPEG-Br) was prepared via a method
described in literature.” The polymer and bromo-thioanisole
were dried under vacuum over phosphorus pentoxide.

2.2.2 Synthesis of exfoliated FLG. A Young's tube contain-
ing FLG starting material (15 mg, 1.25 mmol carbon) and
a magnetic stirrer bar was heated at 400 °C for 1 h under
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vacuum, and then kept under vacuum for 16 h at room
temperature, before placing in a glove box. 1.04 mL of sodium-
naphthalide solution was added to the Young's tube and the
concentration of graphite in DMAc adjusted to 0.1 M by addi-
tion of 11.46 mL of DMAc (C/Na = 12, [Na] = 0.008 M). The
suspension was stirred at room temperature for 1 day under N,.
To discharge the product, dry O,/N, (20/80%, ~1 L) was bubbled
into the solution for 15 min, then stirred overnight under dry
0,/N, to discharge any remaining charges. The mixture was
filtered through a 0.1 um PTFE membrane and washed thor-
oughly with DMAc, ethanol and water to remove any residual
naphthalene and sodium salts formed during the reaction. The
product was obtained as a dark powder and was suspended in
ethylene glycol for further Pt deposition.

2.2.3 Synthesis of FLG-PhS-CH; and FLG-PEG. A Young's
tube containing FLG starting material (15 mg, 1.25 mmol
carbon) and a magnetic stirrer bar was heated at 400 °C for 1 h
under vacuum, and then kept under vacuum for 16 h at room
temperature, before placing in a glove box. 1.04 mL of sodium-
naphthalide solution was added to the Young's tube and the
concentration of graphite in DMAc adjusted to 0.1 M by addi-
tion of 11.46 mL of DMAc (C/Na = 12, [Na] = 0.008 M). The
suspension was stirred at room temperature for 1 day under N,.
Bromo-thioanisole (20.8 mg, 0.104 mmol) or brominated poly-
ethylene glycol (173.3 mg, 0.034 mmol) was added to the final
hybrid dispersion and the solution was stirred for 12 h. To
discharge the product, dry O,/N, (20/80%, ~1 L) was bubbled
into the solution for 15 min, then stirred overnight under dry
0,/N, to discharge any remaining charges. The mixture was
filtered through a 0.1 pm PTFE membrane and washed thor-
oughly with DMAc, ethanol and water to remove any residual
naphthalene and sodium salts formed during the reaction. The
product was obtained as a dark powder and was suspended in
ethylene glycol for further Pt deposition.

2.2.4 Synthesis of FLG-PhSO;H. Exfoliated FLG (15 mg) was
suspended in DI water and sonicated for 10 minutes. Subse-
quently, 200 puL of isoamyl nitrite and aniline-2-sulfonic acid
(150 mg, 1.42 mmol) were added to the reaction. The mixture
was stirred at 80 °C for 10 h. Functionalised FLG was filtered
through a 0.1 um PTFE membrane and washed thoroughly with
water and ethanol to remove any side products. The modified
FLG was obtained as a dark powder and was suspended in
ethylene glycol for further Pt deposition.

2.2.5 Platinum nanoparticle deposition. The correspond-
ing functionalised graphene (15 mg, 1.25 mmol) and chlor-
oplatinic acid hydrate (12.3 mg, 0.03 mmol, estimated to
achieve a 40 wt% Pt loading) were mixed with ethylene glycol (15
mL) and briefly bath-sonicated (15 min, 50 W) to give a meta-
stable suspension. The mixture was stirred for one hour,
sodium borohydride was added (10 mg, 0.25 mmol) and then
heated at 80 °C for 2 hours. The mixture was filtered through
a 0.1 pm PTFE membrane and washed thoroughly with acetone
to remove any residual platinum precursor. The corresponding
Pt/deposited graphene was redispersed in isopropanol:water to
prepare the catalyst ink.

2.2.6 Catalyst ink formulation. Catalyst inks were formu-
lated from the synthesised materials Pt/FLG, Pt/FLG-PEG, Pt/

This journal is © The Royal Society of Chemistry 2022
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FLG-PhSO;H and Pt/FLG-PhS, and from commercial Pt/C. All
inks were prepared by sonicating the materials in a 50 : 50
isopropanol : water mixture, at a concentration of 1 mg mL .
Working electrodes were then prepared by drop-casting the inks

onto polished glassy carbon electrodes with a Pt loading of 0.35

ug cm 2,

2.2.7 Rotating disc electrode (RDE) setup. ORR perfor-
mance was evaluated using a three-electrode test system, using
a Pt wire counter electrode and a Ag/AgCl reference electrode.
Accelerated stress tests (AST) were performed on all samples by
cycling the potential between 0.79 and 1.39 V vs. Ag/AgCl (3.5 M
KCl) for 30 000 cycles at 100 mV s~ ' in a nitrogen saturated
solution. AST was paused, and cyclic voltammetry (CV) and
linear sweep voltammetry (LSV) performed at 0, 2000, 5000,
10 000 and 30 000 cycles at a scan rate of 20 mV s~ ', under N,
and O, saturated solutions, respectively, before conditioning
and resuming the AST protocol. LSVs were acquired at an
electrode rotation speed of 1600 rpm and all tests were per-
formed in a 0.1 M aqueous solution.

2.3 Equipment and characterisation

Thermogravimetric analysis coupled with mass spectrometry
(TGA-MS) was performed using a Mettler Toledo TGA/DSC 1
instrument integrated with a Hiden HPR-20 QIC EGA mass
spectrometer under nitrogen atmosphere. Samples were held at
100 °C for 30 min, then heated from 100 °C to 850 °C at
10 °C min~" (N, flow rate = 60 mL min ). X-ray photoelectron
spectroscopy (XPS) data were recorded using a K-alpha® XPS
spectrometer equipped with an MXR3 Al Ko monochromated X-
ray source (hv = 1486.6 €V). X-ray gun power was set to 72 W (6
mA and 12 kV). Charge compensation was achieved with the
FGO03 flood gun using a combination of low energy electrons
and the ion flood source. Survey scans were acquired using
200 eV pass energy, 1 eV step size and 100 ms (50 ms x 2 scans)
dwell times. All high-resolution spectra were acquired using
20 eV pass energy, 0.1 eV step size and 1 s (50 ms x 20 scans)
dwell times. Samples were prepared by pressing the sample
onto carbon-based double-sided tape. Pressure during
measurement acquisition was =1 x 10°® mbar. Atomic
compositions were calculated from averaged spectra obtained
from at least 3 areas per sample. Raman spectra were collected
on a Renishaw inVia micro-Raman (1000-3000 cm '), using
a 50 mW 532 nm laser at 10% laser power. Statistical Raman
data were obtained from measurements carried out in Stream-
line mode of at least 500 areas per sample. Samples were
prepared by drop casting dispersions on a glass slide or silicon
wafer. For transmission electron microscopy (TEM) analyses,
samples were prepared by drop-casting dilute graphene
dispersions onto lacey carbon coated Cu TEM grids (Agar
Scientific). Analyses were performed in HAADF/STEM mode
using a FEI-Titan Themis microscope equipped with a probe
corrector and working at 200 kv. TEM was carried out using
a JEOL2100Plus TEM at 200 kV operating voltage. Ambient X-ray
diffraction (XRD) data was recorded on a PANalytical X'Pert PRO
diffractometer operating at 40 kV and 40 mA, with CuKa (A =
1.542 A) radiation, at a scan rate of 0.085° s ', step size of

This journal is © The Royal Society of Chemistry 2022
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0.0334°, and 26 varying between 5° and 60°. Dried powder
samples (510 mg) were mounted onto a zero-background Si
sample holder (PANalytical Ltd, UK) and levelled to the height of
the top of the holder using a glass slide.

3 Results and discussion

Few-layer graphene (FLG) was exfoliated using reductive
chemistry following a standard methodology for grafting short
molecules and polymers.”*® Charged graphene or “graphe-
nide” was further functionalised by simple addition of 4-bromo-
thioanisole or polyethylene glycol in one single step. Thioether
moieties are well-known platinum chelators’” which could be
used to complex and stabilise platinum nanoparticles; indeed,
the presence of thioether groups has been demonstrated to
support the size-controlled synthesis of Pt and Au nano-
particles.” Polyethylene glycol chains may improve the inter-
action between catalyst support and ionomer. An additional
approach was followed using a classic radical addition protocol
with a diazonium salt,** in which previously exfoliated FLGs via
reductive chemistry were modified with sulfonic groups. Dia-
zonium functionalisation was chosen in this case as sulfonic
moieties are not compatible with reductive chemistry condi-
tions. Sulfonation of carbon-supported catalysts is an efficient
way to increase the triple-phase boundaries.**>°

The FLG starting material shows a low crystallinity and
consists of small stacks of graphene (Fig. S1,T left panel), thus
providing a highly porous material with a moderate number of
edges, which can play a crucial role when using this material as
catalyst support. The flake lateral size and number of layers are
1.2 £ 0.3 pm and 15, respectively. The exfoliation of ar-FLG was
carried out using a standard methodology developed for graft-
ing short alkyl groups on graphene layers."™** Sodium and
naphthalene were used as the reducing agent and transfer
reagent, respectively. FLG starting material was exfoliated using
a C/sodium ratio of 12; this ratio was previously found to be an
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1) PEG-Br

e——
2) HPtClg
NaBH,

Graphene
nanoplatelets
(GNPs)

“Graphenide”
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l SO,H

1)
N,

2) HyPtCl,
NaBH,

Route C
Pt/FLG-PhSO,H @ =—§-®—so,u
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Scheme 1 Different approaches to produce platinum supported-
functionalised few layer graphenes.
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optimum for graphene exfoliation/functionalisation.'® FLG was
treated with sodium naphthalide in dimethylacetamide
(DMAc); DMACc is a good solvent to exfoliate graphite as it can
form ternary sodium graphite intercalation compounds (GIC).**
This reductive exfoliation route achieves a stable dispersion of
exfoliated FLG as the charged layers are solvated in the polar
solvent.”> The dark green colour of the sodium naphthalide
disappeared after addition to the FLG due to electron transfer
from the naphthalide to the graphite feedstock. The “graphe-
nide” was either discharged with dry air for further character-
isation or functionalised with 4-bromo-thioanisole (Scheme 1,
route A) or with a bromine-terminated polyethylene glycol chain
(Scheme 1, route B).

The resulting products were characterised using TGA-MS
under nitrogen and XPS. The FLG starting material shows
a small mass loss (2.8 wt%) in the range from 100 °C to 800 °C
(Fig. S21). TGA-MS of FLG-PhS showed the expected fragment
(m/z = 76) from the phenyl ring (Fig. 1A) accompanying the
mass loss at around 450 °C. A grafting ratio (mass of additional
groups relative to the carbonaceous framework) of 15 wt%
correlated with a grafting density of one functional group every
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40)
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20|
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Fig.1 Characterisation of functionalised graphene samples. (A) TGA-
MS under N, of functionalised graphene samples. Phenyl and PEG
fragments m/z 76 (CegH,4*) and m/z 31 (CHsO"), respectively. (B) TGA
under air of platinum supported graphene samples. (C) XPS spectra of
platinum supported graphene samples (left panel) and platinum Pt 4f
component (right panel).
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91 carbon atoms (Table 1). Functionalisation with higher
molecular weight polyethylene glycol groups correlated with the
expected fragment (m/z = 31) and afforded a higher grafting
ratio of 32 wt% but a lower grafting density of one functional
group every 1287 carbon atoms, due to steric bulk, which
correlates with previous results grafting polymers to graphe-
nes.”® The FLG was functionalised with sulfonic groups
following a radical addition reaction between previously exfo-
liated graphene and diazonium salt formed in situ from benzyl
aniline sulfonic acid (Scheme 1, route C). Grafting ratios (19
wt%) were similar to the sample functionalised with thioether
groups, corresponding to one functional group every 89 carbon
atoms. Elemental analysis extracted from XPS measurements
was consistent with the grafting ratios obtained from TGA-MS
(Table 1 and Fig. 1C), as has been reported previously in other
systems.® X-ray diffraction analysis (CuK, = 1.542 A) of the
starting material displayed a broad graphitic 002 layer peak (26
= 26.6°), indicative of short stacks (Fig. S1, left panelt) con-
sisting of 15 layers. This signal, corresponding to a layer spacing
of 3.4 A, became broader after reductive exfoliation and func-
tionalisation (Fig. S1, right panelf), corresponding to a decrease
in the number of layers per stack to 11-13 layers, demonstrating
the extent of the exfoliation (Table 1).

Platinum nanoparticles were deposited following the tradi-
tional route with chloroplatinic acid and ethylene glycol, aiming
at 40 wt% loading relative to the FLG support.** The amount of
platinum was quantified using XPS and TGA under air atmo-
sphere (Fig. 1B and C), with values obtained from both tech-
niques in close agreement. In XPS, the platinum component
(Fig. 1C, right panel) shows the typical Pt(0) 4f5/, and 4f,,, peaks
(74.6 and 71.3 eV, respectively), confirming the presence of
metallic platinum. Pt nanoparticle size was measured using
TEM (Fig. 2) for comparison to commercial Pt/C catalysts. Pt/C
commercial catalyst showed Pt nanoparticle values of about 3.3
+ 0.34 nm. However, products obtained from reductive chem-
istry functionalisation showed a smaller and consistent particle
size (2 £ 0.4 nm and 2.1 + 0.3 nm for PhS and PEG-
functionalised graphenes, respectively), very similar to the
optimum reported Pt nanoparticle size (2.2 nm) for ORR mass
activities.?® On the other hand, the Ph-SO;H derivative obtained
from aryl diazonium functionalisation showed a larger particle
size (3.8 &+ 1.2 nm). Pt nanoparticle aggregation in this case
could be due to a less uniform distribution of functional groups
for this reaction compared to reductive functionalisation;** this
heterogeneity might locate the particles only in highly

Table 1 XPS quantification data of platinum deposited samples (weight percentage)

Sample Number of layers® %C %O %S %Pt’ (wt) %Pt° (wt) Grafting density” Grafting density® Pt NP size? (nm)
ar-FLG 15 — — — — —

Commercial Pt/C — — — - - 40 — — 3.3+£0.34
Pt/FLG 12 83.4 9.5 52.1 — — 2.64 = 0.56
Pt/FLG-Ph-SO;H 13 79.2 146 19 421 45.7 89 68 3.8+1.2
Pt/FLG-PhS 11 86.5 69 1.1 53.5 48.1 91 189 2.1 £0.28
Pt/FLG-PEG 12 83.9 9.7 — 51.4 52.0 1287 1460 2.02 £+ 0.38

“ Calculated from XRD. ? Calculated from TGA. ¢ Calculated from XPS. ¢ Values obtained from TEM measurements.
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This journal is © The Royal Society of Chemistry 2022


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2ta03487e

Open Access Article. Published on 31 August 2022. Downloaded on 4/8/2026 9:12:53 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper
Pt/FLG-PEG Pt/FLG-PhSO,H
& 38%21.2nm
2.02£038nm
B * " Np'size (om)
NP slxnén})'

Pt/FLG-PhS

21£0.28nm

Pt/FLG

2.640.56 nm

" NP size (nm)

Pt/C

Fig.2 TEM images of the different functionalised few layer graphenes
after platinum deposition. Histograms show the average Pt particle
size and the standard deviation.

functionalised areas of the graphene layer. Exfoliated FLG also
showed a small particle size but slightly larger (2.6 + 0.6 nm)
than the reductively-functionalised samples, attributed to the
absence of specific functional groups able to stabilise the Pt
nanoparticles to the same extent, although the discharge
process may introduce some oxygen groups in the absence of
other reagents.”” The relationship between catalyst size and
functional group of the FLG can be assigned to the widely re-
ported influence of surface chemistries on Pt particle size
during deposition.*®

Further characterisation using X-ray diffraction measure-
ments (CukK,, = 1.542 A) confirmed the typical platinum face
centered cubic (fcc) structures in all cases (Fig. S1,T right panel).
ECSA is a measure of accessible Pt surface, which depends
mainly on catalyst size and catalyst accessibility. Initial ECSA
values measured via CV on the RDE (Table 2) showed that Pt/C
possesses a significantly higher ECSA compared to the FLG
materials despite having the second largest catalyst particle
size. Pt/FLG-PEG and Pt/FLG-PhS had similar ECSA values and
catalyst particle sizes, while Pt/FLG-PhSO;H showed lower ECSA
and larger particle size. These three results for graphene based
electrodes are internally consistent and can be explained simply

View Article Online
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by differences in Pt particle size. On the other hand, Pt/FLG has
the lowest ECSA but not the largest catalyst particle size, sug-
gesting that, in this case, Pt accessibility is the main limitation.
The measured ECSA values of all FLG materials are significantly
lower than the Pt/C commercial catalyst; this reduction can be
assigned to the restacking of the graphitic sheets, reducing
accessibility to the platinum particles, as observed in other
graphene electrocatalyst systems.***° The extent of Pt utilisation
follows the trend Pt/C > Pt/FLG-functionalised > Pt/FLG, sug-
gesting that the functionalised groups play a useful role in
preventing restacking of the graphene and the associated loss in
initial ECSA.*

ORR RDE experiments are typically compared via several
different parameters across different parts of the LSV, these
include ji (current in kinetic controlled regime), jq (current in
diffusion-controlled regime) and half wave potential (potential
at half j); these parameters are reported in the ESIL,1 along with
current density and Tafel plots for each material (Tables S1-S3
and Fig. S4, S51). Fig. 3a shows the specific current density (nA
cm ?p@0.9 V), a measure of current per available surface area
of Pt. The initial specific current density of these electrocatalysts
Pt/FLG-PhSO;H (1050 pA cm ?p) and Pt/FLG-PhS (790 pA
em?p,) outperformed commercial Pt/C (680 pA cm™p,), while
Pt/FLG-PEG (540 pA cm ”p) and Pt/FLG (420 pA cm ™ p) per-
formed worse. It has been previously reported that functional-
isation of support materials can lead to an enhancement of
current density, due to the interaction between the functional
group and the catalyst.*>** The initial specific power density
suggests that sulphur functional groups, particularly SO;H,
improve catalytic performance.

Accelerated stress tests (AST) were performed between 1-
1.6 V at 100 mV s~ ' to target the stability of the carbon support.
The AST was run between 0 and 30 000 but stopped at 0, 2 000,
5000, 10 000 and 30 000 cycles to perform LSVs and CVs. The
resulting specific current density, normalised change in j,
normalised change in half wave potential and normalised
change in ECSA were determined (Fig. 3). The specific current
densities of the different electrocatalysts did not change
significantly from 0 to 30 000 cycles, indicating that the
inherent catalyst activity and interaction between the functional
groups/supports was not degraded.

The normalised ECSA change during AST (Fig. 3b) shows
highest ECSA retention for the functionalised graphene mate-
rials Pt/FLG-PhSO;H and Pt/FLG-PEG, while Pt/FLG showed

Table 2 Summary of ECSA values of the different functionalised FLG materials and commercial Pt/C before, during and after durability testing

ECSA m?* g(Pt) ™" Sample

Cycles Pt/FLG Pt/FLG-PEG Pt/FLG-PhSO;H Pt/FLG-Ph-S Pt/C
0 19.8 36.7 25.5 36.9 75.8
2000 14.7 22.4 22.3 27.6 59.9
5000 10.7 18.6 19.2 21.9 50.7
10 000 10.5 17.6 16.4 15 31.8
30 000 6.6 14.5 12 8.5 22.4

This journal is © The Royal Society of Chemistry 2022
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Fig. 3 ORR parameters across the 1-1.6 Vrye AST for different func-
tionalised FLG materials and Pt/C over 30 000 corrosion cycles. (a)
Specific current density (at 0.9 V) for each material at 0 and 30 000
cycles. (b) Normalised ECSA change across the 30 000 of AST. (c)
Normalised half wave potential change across the 30 000 of AST. (d)
Normalised kinetic current density (at 0.9 V) change across the 30 000
of AST.

reduced catalyst surface area loss compared to commercial Pt/
C. Loss of ECSA during the AST is usually attributed to two
separate processes, carbon corrosion and catalyst ripening/
agglomeration, that can be hard to distinguish. Particle
agglomeration is widely reported to be significantly worse for
low surface area carbons (LSAC) like highly graphitic support
materials,®* due to the ease of agglomeration of Pt particles
across the low surface area and limited microporosity of the
supports. Graphene and FLG are examples of LSAC materials as
they are entirely graphitic in nature and contain no inherent
microporosity. As such, the agglomeration of platinum nano-
particles would be expected to cause more loss of ECSA on
graphene materials compared to traditional support materials.
Given the minor improvement in ECSA retention of the Pt/FLG
over the Pt/C it is likely that the expected higher agglomeration
in graphene samples is mitigated by improved support dura-
bility for the graphene samples. The improved ECSA durability
in the functionalised samples (Pt/FLG-PhSO;H and Pt/FLG-
PEG) can be attributed to anchoring of the platinum nano-
particles by the functional groups, thus reducing particle
agglomeration, and secondly an improvement in carbon
corrosion durability due to passivation of graphitic edges and
holes.

Half-wave potential is commonly used as a benchmark
indication of electrode film quality, and thus electrocatalytic
system performance as it is dependent on both diffusion
limiting and kinetic limiting process. Low half-wave potential
may be an indication of diffusion limitations or electrode pore
structure collapse, potentially a consequence of carbon corro-
sion of the support material. In this testing regime, half-wave
potential is used to monitor overall electrode durability
during the carbon corrosion targeted AST. The half wave
potential retention (Fig. 3c) of the functionalised graphene
materials (Pt/FLG-PhS and Pt/FLG-PhSO;H) was higher than the
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values obtained for commercial Pt/C, while Pt/FLG-PEG signif-
icantly outperformed all other samples.

Kinetic current density is highly dependent on the catalytic
performance as it occurs soon after the overpotential and is
limited almost entirely by kinetic concerns. Stability in this
region is an indication of the functionalised support's capacity
to limit kinetic resistances. The stability of kinetic current
density (Fig. 3d) is much higher for Pt/FLG-PhSO;H, Pt/FLG and
Pt/FLG-PEG samples, compared to commercial Pt/C and Pt/FLG-
PhS. These results align closely to that for the normalised
retention of ECSA (Fig. 3b), as access to catalyst surface area is
one of the key limiting factors in the kinetic regime.

4 Conclusions

Modified graphenes with different functional groups were
prepared either using a reductive chemistry approach or via aryl
diazonium functionalisation. XPS and TGA-MS measurements
confirmed the presence of the various functional groups, and
provided consistent values for the extent of reaction.” Platinum
nanoparticles were successfully deposited using the traditional
chloroplatinic acid/ethylene glycol route; TEM images showed
a small and ideal particle size (around 2 nm) and uniform
particle distribution across the graphene layers for the reductive
functionalisation products. Pt particle size was larger for the
sulfonated graphene obtained from radical addition (in the
range of 4 nm). Reductive functionalisation achieved a more
controlled functional group coverage, thus achieving a good
particle stabilisation and ideal size compared to the product
obtained from the radical addition reaction. Accelerated stress
testing showed an improved durability for the functionalised
graphenes compared to the non-functionalised FLG. The effect
can be attributed not only to the stabilisation of edges and holes
by the functional groups which makes these sites less reactive
and more stable against corrosion (the case for Pt/FLG-PEG),
but also to the inherent capacity of functional groups to
anchor catalyst particles and reduce agglomeration (the case for
Pt/FLG-PhSO;H and Pt/FLG-PEG). In general, ECSA values were
significantly lower than for the commercial Pt/C catalyst due to
graphene restacking, thus reducing Pt nanoparticle accessi-
bility. The introduction of additives that improve layer separa-
tion could increase platinum utilisation whilst the functional
groups help with support and catalyst durability. Reductive
functionalisation is shown here as an attractive, versatile
process to design and synthesise materials with specific func-
tional groups. The choice of functional groups can provide
targeted properties not only as catalyst supports as shown here,
but for any application where specific surface interactions are
beneficial, such as when designing platforms for sensing® or
biomedical technologies.>*
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