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1 | INTRODUCTION

| Xiaogian Lin®>® |

Anthony R. J. Kucernak® |

Abstract

Utilizing supported single atoms as catalysts presents an opportunity to reduce
the usage of critical raw materials such as platinum, which are essential for
electrochemical reactions such as hydrogen oxidation reaction (HOR). Herein,
we describe the synthesis of a Pt single electrocatalyst inside single-walled
carbon nanotubes (SWCNTSs) via a redox reaction. Characterizations via
electron microscopy, X-ray photoelectron microscopy, and X-ray absorption
spectroscopy show the single-atom nature of the Pt. The electrochemical
behavior of the sample to hydrogen and oxygen was investigated using the
advanced floating electrode technique, which minimizes mass transport
limitations and gives a thorough insight into the activity of the electrocatalyst.
The single-atom samples showed higher HOR activity than state-of-the-art
30% Pt/C while almost no oxygen reduction reaction activity in the proton
exchange membrane fuel cell operating range. The selective activity toward
HOR arose as the main fingerprint of the catalyst confinement in the
SWCNTs.
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on PGM. These applications produce pressure on the
supply of PGM, which is already incredibly scarce.” This

A huge range of applications exist for platinum group
metal (PGM) catalysts. In electrocatalysis, they are highly
favored due to high activity and stability in both acid and
alkaline electrolytes for the hydrogen oxidation reaction
(HOR),"? hydrogen evolution reaction (HER),>* oxygen
reduction reaction (ORR),” and oxygen evolution
reaction (OER)® among others. This means that technol-
ogies that depend on these reactions, such as energy
conversion systems such as proton exchange membrane
fuel cell (PEMFC) and water electrolyzers, and also rely

pressure results in worries about a stable supply as more
technologies are deployed using PGM, such as the
replacement of fossil fuel automobiles with PEMFC-
powered vehicles and the water electrolyzers required to
produce hydrogen to power them. Even with this
pressure, it is widely accepted that only 40% of the Pt
in a PEMFC electrode is active, a clear inefficiency that
must be resolved before the technology can be considered
sustainable.®'° By reducing the size of the PGM nanopar-
ticles down to single, isolated atoms, very high utilization of
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the catalyst material can be achieved, maximizing the
activity while minimizing the required loading."

Since the terms' inception in 2011,'* examples of
single-atom catalysts (SACs) have been published for
nearly every metal."® This hotbed of research seeks to
form stable SACs that do not agglomerate to form
nanoparticles, which require a strong interaction of the
atoms with the support. Metal oxides, such as ceria'* or
titania,'>'® are common supports due to their strong
interaction with metal atoms deposited on their surface.
In the field of electrocatalysis, however, the support
must be highly electronically conductive to facilitating
electron transport from the catalyst to the attached
electrical system. This disqualifies a vast swath of these
oxide supports. Suitable supports for single-atom
electrocatalysts that have been found so far include
graphene,'’ nitrogen-doped carbons,'® MXenes,'® and
carbon nanotubes.*’

The majority of research has focused on reactions
such as HER and ORR, and little has been published
about HOR.?" Only one article with experimental data
could be found, which used covalent triazine frameworks
to support Pt SAC for selective HOR over the ORR.**
Further development of SAC for HOR would allow the
reduction in costs and use of critical materials for
technologies that rely on the reaction, such as PEMFCs,
as well as uncover selectivity toward the reaction that
could be advantageous.

In this work, we report a single-atom Pt catalyst,
synthesized through a redox process taking place inside
SWCNTSs. The catalyst showed good activity for HOR,
whilst minimizing ORR. The Pt SAC also showed
superior stability over a commercial Pt nanoparticle
catalyst.

2 | EXPERIMENTAL SECTION

2.1 | Synthesis

Single-wall carbon nantubes (SWCNTSs) (Tuball™) were
purchased from OCSiAl, with an average diameter of
1.6 nm and length >5um. The as-received SWCNTs (ar-
SWCNT) were first oxidized in a H,SO4,HNO; (1:3)
mixture for 4 h, then washed with deionized (DI) H,O
(Merck Millipore Milli-Q, 18.2MQcm TOC < 10 ppb)
until the filtrate was pH 7, and dried producing opened
SWCNTs. These SWCNTs were then dried under vacuum
(130 mbar) for 4h, and 1.32 mL of 16 mgmL™" K,PtCl,
solution was introduced to 100 mg of them whilst the
vessel was evacuated. The vessel was then sonicated for
5 min, before being opened to the atmosphere and stirred
for 1 h (SA8) or 14 h (SA24). The samples were then dried

under vacuum and washed with DI H,0, with repeated
vacuum drying steps between each wash. 100 mg of
SA24 was sintered at 700°C under Ar flow for 2h to
form NP24.

2.2 | Structural characterization
High-resolution  transmission electron  microscopy
(HRTEM) observation was performed with a JEOL JEM-
2100 operated at 200kV. High-angle annular dark field
scanning transmission electron microscopy (HAADF-
STEM) was taken on an FEI TITAN transmission electron
microscope (TEM) operated at 300 kV. The samples were
deposited on Cu grids with lacey carbon from an
isopropanol dispersion. XRD was performed with a Brucker
D8 Advanced X-Ray diffractometer, using Cu Ka radiation.
X-ray photoelectron spectroscopy (XPS) was conducted
using a Nexsa X-ray photoelectron spectrometer system
(Thermo Fisher Scientific) with a monochromated
Al Ka X-ray source. Measurements were taken at room
temperature, under a high vacuum (<3.0 x 10° Torr). A
400 um spot size was used, with a pass energy of 50 eV.

The amount of metal was assessed via ashing of the
samples at 1073 K, followed by the dissolving of the ash
with aqua regia and ICP-AES (Ultima-2 spectrometer;
JobinYvon Horiba) of the resulting solution.

2.3 | Electrochemical characterization

The process of making the floating electrodes (FE) and
the electrochemical measurements followed the proto-
cols reported,* and it is briefly mentioned here. For each
catalyst, 2 mg of solid catalyst was suspended in 4 mL of
1:1 isopropanol (VWR, AnalaR NORMAPUR) to DI
water and sonicated (BANDELIN SONOCOOL) on full
power (35kHz, 100%) at 288 K until a homogeneous ink
was obtained. Before making the FEs, the ink was diluted
corresponding to the desired catalyst loading on the
electrode. The FE was made by vacuum filtrating 100 pL
of the diluted ink onto a gold-coated track-etched
polycarbonate (Sterlitech, 0.4um pore size, 47 mm,
PCTF0447100) and further made hydrophobic by drop-
casting 0.1uL of 1wt.% Teflon AF 2400 (DuPont)
solution in Fluorinert FC-40 (Sigma-Aldrich) on the
non-coated side of the substrate. The electrochemical
“break-in” was achieved using the same protocols
developed for measuring Pt/C catalysts. Cyclic voltam-
mograms were performed under hydrogen and oxygen in
turn until the performance of the electrode became
stable. After all the electrochemical measurements were
finished, the electrodes were digested in aqua regia; their
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loadings were determined with ICP-MS (Agilent 8900
ICP-QQQ), and the residual membrane was checked for
full Pt dissolution via XPS. The mass current density (or
activity) is the measured current normalized by the mass
of Pt detected from the ICP-MS.

3 | RESULTS AND DISCUSSION

To produce Pt single-atom and nanoparticle samples,
SWCNTs were opened using an established procedure
that minimizes defect formation in the SWCNTs. A
K,PtCl, solution was introduced to the opened SWCNTs
in an evacuated vessel, forcing the solution into the
internal pores of the SWCNTs through capillary forces.
Within the SWCNT, the Pt** is reduced to Pt° to form
single atoms without additional reducing agents, as we
will discuss below. After 1 or 14 h, the samples were then
dried under a vacuum. All samples were repeatedly
washed with DI water and dried under vacuum, and
some of the 14-h impregnation samples were then
sintered at 700°C under Ar to form nanoparticles.
Inductively coupled plasma atomic emission spectros-
copy (ICP-AES) showed that the single-atom samples
had 8 wt.% Pt (SA8) after 1 h of impregnation time and 24
wt.% Pt (SA24) after 14 h of impregnation time, whilst
the nanoparticle sample had 24 wt.% Pt (NP24).
Aberration-corrected STEM in HAADF mode was
used to analyze the morphology of the samples
(Figures 1A,D and S1). The micrographs show clearly
single-atom Pt dispersed throughout the SWCNT net-
work in both SA8 and SA24. In Figure 1B, atomic
resolution energy-dispersive X-ray spectroscopy (EDX)
confirms that the atomic species that can be seen is Pt.
Although some larger species are present, this can be
explained by the 3D nature of the nanotube and the
two-dimensional (2D) nature of the micrographs.
Interestingly, the O mapping (Figure 1C) shows a
correlation with the Pt, suggesting that O inclusion
into the SWCNT is related to the Pt single-atom
deposition. The higher magnification micrograph of
SA8 (Figure 1D) shows that the dispersion of the single
atoms follows the internal pores of the SWCNTs,
indicating that they are confined within. A profile
drawn over three different groups of atoms (Figure 1E)
gives multiple peaks with full width at half maximum
(FWHM) around 0.17 nm, matching the atomic diame-
ter of Pt atoms (170 pm). This clearly demonstrates the
single-atom nature of the Pt within these samples. The
annealed sample (NP24) shows nanoparticles and
nanorods within the SWCNTs, with a particle width
distribution matching the width distribution of the
SWCNTs (Figure S2) as measured via TEM. The
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confined nanoparticles formed after sintering clearly
demonstrate that the single atoms are inside the
SWCNTs. This material has been characterized in-
depth in another publication.**

XPS was used to assess the chemical nature of the
samples. The XPS has been recorded on nanoparticles
(NP24) and we used the formalism commonly found in the
investigation of nanoparticle to fit the data set: bulk refers
to the core atoms with a zerovalent state, surface to the
surface atoms with lower coordination state (oxidation state
between 0 and 2), and Pt-O to Pt(II) oxidation state. The
classic Pt 4f XPS spectrum was recorded for the NP24
sample, split into three components of the bulk, the surface
atoms, and oxidized Pt species, with the Pt 4f;, peaks
centered at 71.7, 73.1, and 74.7 eV.>> The two single-atom
samples only show two species, giving Pt 4f,, peaks
centered at 72.5eV and at 74.6 eV, respectively, for Pt(0)
and Pt(IT). There was no peak corresponding to the higher
oxidation state Pt(IV). The higher binding energy peaks are
evidently caused by oxidized Pt species, Pt**, and account
for 13% and 11% of the total Pt for SA8 and SA24
respectively and 12% for NP24. This indicates that the
oxidized species are Pt atoms that have adsorbed oxygen,
rather than remaining unreduced Pt from the synthesis, as
the amount is consistent across the samples. The other Pt
4f;/, peak is a signature of the single atoms, indicating that
they have a partial positive charge due to the increased
binding energy, presumably due to charge transfer between
the Pt and the SWCNT. This shift has been shown before
for single-atom Pt catalysts.”® The N 1s spectra of the SA
and empty SWCNTs (Figure S3) show that there is no
nitrogen detectable in the sample, confirming that it is C
bonding to the Pt SAs.

The C 1s and O 1s spectra of the samples, alongside the
SWCNTs before impregnation, were fit according to
standard fitting procedures for SWCNTs (Figure S4). The
relative quantities of the C-O, C=0, COO, and the SWCNT
m—-1* transition peaks from the C 1s and O-C and O=C
peaks from the O 1s spectra are shown in Figure 2B. We
can see that after impregnation, the SWCNT is oxidized,
with increasing amounts of C-O and C=0 species in both
C 1s and O 1s spectra. This corresponds to a small decrease
in the m-m* transition peak, indicating an increase in
defects in the SWCNT structure. These changes increase as
the PtCl,>" is left inside the SWCNTSs for a longer time to
form SA24. Upon annealing, the C=0 and COO species
decrease, whilst the m-mt* transition peak increases above its
initial value, showing that annealing removes have more
defects than just those formed during the synthesis. The
C-O species stay the same according to the O 1s spectrum,
whilst that of C 1s shows a slight decrease (Figure 2B). This
indicates that these species are relatively stable after the
deposition of the Pt and that Pt is possibly bonded to them.
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FIGURE 1 HAADF-STEM micrographs of (A) SA24 with EDX (B) Pt and (C) O mapping, and (D) SA8 with (E) corresponding line

profiles.

The survey spectrum (Figure S4) reveals the presence of CI
with a ratio Pt:Cl of 0.7:1, which are leftovers from the
precursor. We cannot assess with certainty the nature of the
chloride species. A reasonable hypothesis would be that the
chloride still binds the Pt atoms, which could explain the
presence of Pt(IT) as shown in the XPS spectrum. Therefore,
the sample would consist of Pt(0) single atoms and Pt(ID)-
Cl, species.

X-ray absorption spectroscopy was conducted to study
the electronic and atomic environment of the Pt in the
samples. The X-ray absorption near edge structure
(XANES) of the Pt L;-edge samples, compared with Pt foil,

are shown in Figure 2C. The XANES show a white line, a
well-known feature of Pt XANES just above the L;-edge
absorption edge resulting from a dipole transition from Pt
2ps;; and 2p;, to the 5dsj3,, and 5ds;, bands. The
intensity of the white line for the SA8, SA24, and NP24
samples is substantially higher than that of Pt foil,
indicating a higher unoccupied density of states of 5ds,
and 5ds/, character. The SA24 and NP24 samples have
roughly the same intensity, whilst the SA8 white line is
higher, indicating a decrease in the electrons in the d
orbital. The negative shift in E, shows that this is not due to
oxidation and that the species are close to being zerovalent.
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FIGURE 2 (A) Pt 4f and (B) quantities of the fitted C 1s and O 1s XPS spectra of empty SWCNTs, SA8, SA24 and NP24, (C) normalized
XANES at the Pt L; edge, and (D) K> weighted Fourier transform of the EXAFS of SA8, SA24, NP24, and Pt foil.

The Fourier transforms of the extended X-ray
absorption fine structure (EXAFS) are shown in
Figure 2D. The oscillations of the EXAFS region are
caused by the scattering of ejected photoelectrons from
neighboring atoms, and the Fourier transform of this
gives an indication of the local atomic environment
surrounding the species. The EXAFS of Pt foil and NP24
show two distinctive regions, with the peak at 2.0 A being
caused by Pt bonding to lighter atoms such as O and C
(and possibly Cl), whilst the peak at around 2.6 A is
caused by Pt-Pt bonding. Unfortunately bonding with C
and O are indistinguishable due to similar backscattering
phases, amplitude, and bond length. The SA samples
only feature one major peak at 1.9 A, whilst the region
around 2.6 A is notably low. This shows the lack of Pt-Pt
bonding in the sample and hence the single-atom nature
of the Pt. These results are supported via X-ray
diffraction (XRD) patterns of the samples (Figure S5),
where the NP24 sample shows clear Pt [111, 100] and
[110] peaks whilst the SA samples only show peaks
related to SWCNTSs.

These results show that the K,PtCl, reacts with the
SWCNT to form single-atom Pt species, with strong
evidence of low valency. No reducing agent was used

throughout the process, indicating that electrons from
the SWCNT reduce (even partially) the Pt (II) ions, as
previously shown.”” This caused defects and oxygen
functionalities to form in the SWCNT, likely forming the
binding site of Pt. The Pt donates charge to the SWCNTSs,
as shown by XPS and XANES, which showed that the
lower Pt content SA8 experiences a larger charge
transfer. The driving force for this is likely the electron
holes formed when the Pt (II) is reduced by electron
donation from the SWCNT.

The SACs were tested as catalysts for the hydrogen and
air electrodes in acidic conditions. To evaluate the HOR
and ORR catalytic activity, they were tested via the FE
technique, which enables the precise evaluation of the
specific and mass activities. The FE technique is more
suitable than the rotating disk electrode (RDE) as it has
much higher mass transport and allows measurement of
electrocatalyst performance over larger and more realistic
potential windows.*® Table S1 summarizes the details and
the FE results of the three different Pt/SWCNT catalysts
and one commercial state-of-the-art 30wt.% Pt/C
(TEC10V30E) as a reference. For each catalyst, at least
two electrodes were measured under hydrogen (HOR) and
oxygen (ORR), and the best-performing linear sweep
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voltammograms (LSVs) are plotted in Figure 3A,B. The data
are given in terms of mass as no electrochemical surface area
(ECSA) could be measured for the catalysts via hydrogen
underpotential deposition, whilst CO stripping appeared to
vastly underestimate the ECSA resulting in unreliable
specific activities (Figure S6 and Table S1). In Figure 3C,D,
we extracted the mass activities at selected potentials versus
RHE and compared the measured catalysts in a bar chart.
Figure 3A,C show that the commercial catalyst has the best
HOR activity of 82 Amgp, "' at 0.05V versus RHE. While
SA8 and SA24 containing single-atom Pt reach 2/3 of that
activity at 0.05V, they have better mass activities than state-
of-the-art 30% Pt/C in the high overpotential range (>0.2V
vs. RHE). A similar observation was seen for single-atom Pt-
modified covalent triazine frameworks on RDE.* As
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previously reported, a Pt-based catalyst usually shows a
double peak feature in the HOR CV like SA8 in Figure 1.
The peak at 0.1-0.2 V versus RHE is usually assigned to low-
coordination Pt sites and the peak around 0.4 V versus RHE
is corresponding to high-coordination Pt sites such as Pt
(111).%® In both SA24 (blue) and NP24 (green), a variety of
environments around the HOR active Pt sites blurs out the
double feature in the HOR CVs (Figure 3A). The poor
activity of NP24 is possibly caused by the blocking of the
SWCNT cavities, reducing the transport of hydrogen to Pt.
Figure 3B,D show that state-of-the-art 30% Pt/C has
the best ORR activity and its mass activity of 0.27 A
mgpt_1 at 0.9 V versus RHE is similar to the literature
values on RDE.*® For all the SWCNT-Pt catalysts, their
ORR activities are hugely suppressed in the fuel cell
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LSVs of four different catalysts (state-of-the-art 30% Pt/C, SA8, SA24, and NP24) in 1 M HCIO, at 298 K, 101 kPa, 20 mV s~*

(A) under pure hydrogen and (B) under pure oxygen with mass current density plotted in logarithmic scale (inlet in linear scale). (C) The
extracted HOR mass activity at 0.05V versus RHE and the maximum HOR mass activity and (D) the extracted ORR mass activity at 0.9 and

0.6 V versus RHE.
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operation potential range (0.4-0.9V vs. RHE) although
the maximum mass activity of SA8 under oxygen
overlaps with state-of-the-art 30% Pt/C below 0.1V
versus RHE. Most of the previous studies showed that
Pt nanoparticles (>2 nm) supported on carbon prefer a 4-
electron oxygen reduction in the low overpotential region
(>0.6 V vs. RHE) but gradually become dominated by the
2-electron reduction pathway at higher overpotential
(<0.6 V vs. RHE) where more Pt sites are covered by
peroxide species.’’ In contrast, the results (Figure 3B)
show predominant 2-electron oxygen reduction on
SWCNT-Pt catalysts throughout the potential range
because Pt grown inside an SWCNT must have a smaller
size than the inner diameter (1.6 nm) of the SWCNT and
such small Pt particles or single atoms are not good
candidates toward the 4-electron ORR.

The stabilities of SA8 and state-of-the-art 30% Pt/C
were compared by performing 3000 cycles of the CV
under pure oxygen between 0.6 and 1.0V versus RHE
using the FE system (Figure 4A,B). Unsurprisingly, with
the increasing number of CVs, the ORR current density
decreases. The geometric current density at 0.6 V versus
RHE of each cycle was extracted and plotted together
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With j/jinitia, and the percentage of initial current density
remained, as shown in Figure 4C,D. Although the ORR
activity of SA8 is much worse than that of state-of-the-art
30% Pt/C (Figure 1), it remains 35% of the initial
performance while Pt/C remains less than 20%
(Figure 4C,D). The decay in the current density of
state-of-the-art 30% Pt/C is faster than that of SA8, which
can come from the difference in 4-electron versus 2-
electron ORR mechanism or/and the stability difference
of CNT versus VULCAN XC72. XPS and TEM observa-
tions were performed on SA8 after 10,000 cycles, which
showed the same Pt 4f spectrum (Figure S7) as previously
found (single pair of Pt peaks, 4f;,, centered at 72.5eV)
and no observable nanoparticles (Figure S8). This shows
that the single-atom nature of the catalyst is maintained
even after long-term operation.

Overall, the FE provides more information to under-
stand the electrochemical properties of the samples in
the large overpotential range. On FEs, SA8 and SA24
showed HOR performance close to the commercial Pt/C.
At 0.05V versus RHE, the HOR mass activity is in the
order of SA8 =SA24 > NP24, which shows that for the
HOR within the SWCNT, single atoms are vastly superior
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FIGURE 4 Cyclic voltammograms (cycle 1, 10, 50, 100, 500, 2000, 3000) in 1 M HCIO, at 298 K, 101 kPa, 50 mV s~' under pure oxygen
of (A) SA8 and (B) state-of-the-art 30% Pt/C. The extracted geometric current density at 0.6 V versus RHE from each stability test cycle (C) of
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to the nanoparticles. On the contrary, the SWCNT-
encapsulated Pt catalysts are not active in reducing
oxygen to water, although they may be useful to
selectively produce hydrogen peroxide from oxygen.**
Their inactivity toward ORR in the low overpotential
range makes the SWCNT-encapsulated Pt materials
interesting candidates for PEMFC anode electrocatalysts.
Current anode electrocatalysts (Pt nanoparticles on C
support) are both highly active toward HOR and ORR.
This becomes an issue during start-up when the anode is
flooded with air which, when H, is introduced, causes the
potential at the cathode to increase drastically (to 1.5V),
or shut-down, as O, leaks into the anode, causing the
same potential rise at the cathode.”> Alongside the
increase in potential, this process also causes heat to
be generated. These effects during PEMFC start-up/
shutdown give rise to catalyst degradation at both the
anode and the cathode.* This makes it critical to solve
before PEMFCs can be deployed, especially in sectors with
intermittent PEMFC usage such as automotive. A catalyst
that is insensitive to O,, as those discussed in this article,
would drastically reduce or even eliminate this effect.

4 | CONCLUSION

This work described the synthesis of Pt single-atom
electrocatalysts supported inside SWCNTs. STEM, XPS,
XRD, and EXAFS results showed the low-valency, single-
atom nature of the Pt, whilst XANES and XPS showed a
charge transfer from the Pt to the SWCNT. The single-
atom samples showed high HOR activity, whilst the
sintered NP24 sample showed much lower. The ORR
activity of the samples was very low, increasing rapidly at
high overpotentials (less than 0.4V RHE). This showed
selectivity toward HOR over ORR and for the 2-electron
ORR pathway over the 4-electron pathway. The interac-
tion of the single atoms with hydrogen and oxygen will
be investigated to determine the mechanisms behind this
strange Pt activity. The single-atom Pt samples have
slightly higher HOR activity over a state-of-the-art
commercial catalyst whilst being highly insensitive to
0,, making them excellent candidates for PEMFC anode
electrocatalysts which avert the known start-up/
shutdown issues. This application will be investigated
and reported in a future publication.
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