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ABSTRACT: We report that self-supporting mesoporous platinum 3D nanowires with
a single diamond (SD) morphology and a high specific surface area of 40.4 m* g™
demonstrated enhanced stability toward the oxygen reduction reaction (ORR). These
were found to be superior to commercially available carbon-supported Pt nanoparticles

(Pt/C). After 1000 potential cycles, there was a 21% loss in surface area for SD-Pt, as s
compared with a 40.3% loss for Pt/C with no reduction in their half-wave potential O vessee 1T o4Sado a2 o1 08 b o e
(measured at J = 3.0 mA cm™2), whereas the Pt/C catalyst showed a 11.9 mV decrease. 1 e

Our findings revealed that our SD-Pt thin films also exhibited excellent ORR activity, e

which offers significant potential for their application as high-performance cathode o 7

materials in alkaline fuel cells. %2;

° Cycle number e
Bl INTRODUCTION on a carbon black matrix (Pt/C).”* These catalysts display a

high activity for the ORR, which proceeds via the direct four-
electron transfer pathway at an onset potential of 0.94 Vyyy
and a kinetic current density of 31.5 mA cm ™ at 0.8 Vs RHE.

While platinum (Pt) is an excellent electrocatalyst, its high
cost and limited availability make it imperative to reduce the
amount being used.”® One of the most prominent strategies is
to increase the catalyst surface area, which lowers Pt loading
and also enhances its performance. This can be achieved by
increasing the surface-to-volume ratio by controlling the
morphology in micro-/nanostructures.” Improvement in the
specific activity has been reported for mesostructured Pt films.*
Yao et al. reported an unusual size effect in Pt nanowires
(NWs) with adjustable diameters, where both activity and
durability for the ORR increased consistently as the diameter
decreased from 2.4 to 1.1 nm.” Reducing the amount of Pt
while improving its catalytic activity is another strategy

Fuel cells are pivotal to the future of sustainable energy
production as they can harness fuels derived from renewable
sources with the potential to generate energy with minimal
greenhouse gas emissions, achieving near zero environmental
impact." The oxygen reduction reaction (ORR) plays a crucial
role in electrochemistry for energy conversion in fuel cells.
However, its sluggish kinetics at the cathode is a major
limitation of their application. As a result, there is a clear need
for developing economically viable and highly effective ORR
electrocatalysts that can drive the four-electron transfer ORR.

The power output in fuel cells and their durability is
dependent on the cathode performance as this is where most
of the polarization losses take place.” The ORR can occur via
two different pathways: a direct 4-electron pathway (eq 1) or
an indirect pathway given by eqs 2 and 3.

O, + 2H,0 + 4¢° > 40H E; =04V (1) adopted in recent years. Efforts are being made to optimize
the ORR performance by carefully controlling the Pt particle
O, + H,0 + 2 - HO, + OH E; = -0065V  (2) size. Changing the size and morphology may lead to exposure
of the desired crystal facets. Altering the size and morphology
HO, + H,0 + 2¢” — 4+30H E;, = 0.67V 3) of the catalyst can enhance both the exposure of its active sites

and its overall activity. It has been reported that PtNi (111)
Priority is given to developing catalysts that promote the

more efficient four-electron direct pathway. The performance
of electrocatalytic ORR catalysts is primarily assessed by using
the onset potential, half-wave potential, and diffusion-limiting
current characteristics. In general, specific/mass activity at
relatively higher potentials is employed to evaluate the
efficiency of the ORR catalysts. Current literature appears to
be mainly focusing on investigating Pt nanoparticles supported
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Figure 1. Electrodeposition of single diamond Pt (SD-Pt) within the phytantriol template.
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Figure 2. (a) 1D-integrated SAXS pattern of the SD-Pt thin film electrodeposited through a phytantriol-modified Au-DVD electrode after template
removal. (b,c) TEM images at different magnifications of SD-Pt with superimposed matching simulations drawn to scale along with nanowire

diameter distribution (d,e).

exhibits catalytic activity, which is 90 times greater than that of
commercial Pt/C."

To create highly efficient Pt-based catalysts, it is essential to
optimize their activity and stability. However, there is multiple
evidence from the literature that current materials exhibit low
stability, as evidenced by performance deterioration after
galvanostatic experiments and performance fluctuations
following voltage cycling. The instability of Pt/C catalysts
with respect to the ORR has been attributed to a loss in
electrochemical surface area (ECSA),'" particle migration and
agglomeration,'” the corrosion of the carbon support (leading
to a loss of Pt nanoparticles),"* and dissolution of Pt into the
electrolyte."* To improve the durability of Pt/C ORR catalysts,
alloys of Pt with other transition metals have been produced,"
or core—shell nanoparticles'® have been produced using metal
oxide supports rather than carbon.'” Alternatively, unsup-
ported Pt catalysts have also been prepared,'®'? which avoid
corrosion of the carbon support.'®

In this study, we report the fabrication of 3D ordered
mesoporous Pt with a single diamond (SD) morphology (cf.
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Figure 1) via soft-templated electrodeposition that resulted in a
much-improved stability for the ORR compared to Pt/C. In
this material, both the external and internal surfaces are
accessible, resulting in an inherently high active surface area,
which eliminates the need for the carbon support.
Furthermore, as this is composed of a 3D continuous network
of interconnected nanowires, it is much more corrosion-
resistant and can maintain electrical contact. Further, this
fabrication method provides a green “one-pot” synthesis
method for producing a catalyst that exhibits competitive
catalytic performance toward the ORR and enhanced stability
over state-of-the-art commercial Pt/C.

B RESULTS AND DISCUSSION

Transmission electron microscopy (TEM) images (Figures
2a—c and S1) confirmed that the electrodeposited Pt is stable
after template removal and forms a mesoporous intercon-
nected nanowire network. Small-angle X-ray scattering (SAXS)
(Figure 2e; collected on 122, the beamline at Diamond Light
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source, experiment number NT33748)*° confirmed the SD
morphology of the deposited Pt.

The results from SAXS were used to obtain structural
information on SD-Pt, which is summarized in Table 1.

Table 1. Lattice Parameter, Nanowire Diameter, and Pore
Width of Single Diamond Pt Measured from TEM and
SAXS

estimated channel

estimated nanowire
lattice parameter diameter (SAXS) pore size  diameter (TEM)
(SAXSP; [nm™] [nm] [nm] [nm]
13.6 + 0.2 28 £02 6.8 + 0.2 246 + 0.3

The lattice parameter of SD-Pt was found to be 13.2 nm,
which corresponds to asymmetric deposition through a single
channel network of a double diamond structure with a lattice
parameter a = 6.9 = 0.1 nm (a 1D SAXS pattern is shown in
the Supporting Information, Figure S2). The water channel
di;almeter d,, in the double diamond phase is calculated using eq
4.

d, = 2(0.391a(Q,) — 1) (4)

Assuming a lipid monolayer thickness (I) of 1.36 nm for
phytantriol,”* d,, was calculated to be 2.8 nm +0.1. TEM
measurements indicated an average nanowire diameter of 2.5
nm, which is in good agreement with the calculated value,
indicating that the size of the water channels within the
diamond template is transferred to the deposited nanowires
(cf. Figure 2d). The pore size was determined by calculating

apt

V2
values are in excellent agreement with previous literature
values.”

The electrochemical properties of the as-prepared SD-Pt and
Pt/C catalysts were measured for comparison. Cyclic
voltammetry studies performed in 0.5 M H,SO, at a sweep
rate of 20 mV s™' were used to determine the electrochemically
active surface area and specific surface area, as shown in Figure
3a. The specific surface area of SD-Pt was calculated to be 40.4
m? g~', which is comparable to that measured for Pt/C at 46.2
m? g_l.

The catalytic activity of SD-Pt for the ORR was assessed by
using an Autolab rotating disc electrode (RDE) 2 in O,-
saturated 0.1 M KOH. Cycling voltammetry was performed at
a scan rate of 10 mV s~ at a rotation rate of 1600 rpm on both
SD-Pt and Pt/C.

It can be seen that for both materials, the onset potential for
the ORR is very similar at 1.0 and 0.98 V vs RHE for Pt/C and
SD-Pt, respectively. It can also be observed that there is a
positive shift in the half-wave potential (E,,,) measured at ] =
3.0 mA cm™? of 20.7 mV for SD-Pt compared to Pt/C. This
positive shift is in agreement with the literature on double
gyroid Pt.® The Pt/C exhibits a limiting current density higher
than that of SD-Pt initially. However, upon normalizing the
current using the real surface area of the films (determined
from hydrogen underpotential deposition), it becomes evident
that the limiting current density is higher for SD-Pt. These
results indicate that there is an improved activity for SD-Pt in
the ORR. Kibsgaard et al. reported that the improved per site
activity for self-supported mesoporous Pt films most likely
originates from a smaller fraction of undercoordinated surface
sites compared to Pt/C.” Table 2 compares the performance of

— wirediameter, resulting in a value of 6.8 nm. These
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Figure 3. (a) Cyclic voltammograms of SD-Pt and Pt/C taken in 0.5
M H,SO, at room temperature at a scan rate of 20 mV s™. Linear
sweep voltammograms of SD-Pt and Pt/C were taken in 0.1 M KOH
at room temperature at a scan rate of 10 mV s™' and a rotation speed
of 1600 rpm, normalized by geometric surface area (b) and
electroactive surface area (c).

Table 2. Comparative Analysis of the Performance of
Recent Catalysts for the Oxygen Reduction Reaction (ORR)

Eonset (V EI/Z (V Vs

catalyst electrolyte vs RHE) RHE)  reference
SD-Pt 0.1 M KOH 0.98 0.87 this
work
Pt/C 0.1 M KOH 1.00 0.84 this
work
Pt,Pd, 0.1 M KOH 0.97 0.89 24
Fe;Ptt/N@C 0.1 M KOH 0.98 0.88 25
Pt;,CugeAu, 0.1 M KOH 091 26
Pd;Au/C 0.1 M KOH 0.99 0.87 27
SA-PtCoF 1 M KOH 0.95 0.88 28
IrMn/Fe3Mo3C 0.1 M KOH 1.03 0.89 29
CoSMe-0.5—800 0.1 M NaOH 0.95 0.85 30
CoS NWs@NSC-2 0.1 M KOH 0.93 0.84 31
ZrN 0.1 M KOH 0.93 0.80 32
NDC1000 0.1 M KOH 0.96 0.86 33
NC-Co SA 1 M KOH 1.00 0.87 34

SD-Pt against recent advanced catalysts reported in the
literature. It is apparent that SD-Pt has similar performance
regarding the onset potential and half-wave potential when
compared with other catalysts.

A Koutecky—Levich analysis was performed to determine
the ORR pathway under alkaline conditions from RDE
measurements obtained at rotating speeds from 400 to 3600
rpm at a scan rate of 10 mV st (Figure 4a,c).

The electron transfer number (1) was then determined from
the slope of the Koutecky—Levich plots in combination with
eqs S and 6:

1 1 1

= Bo'’?

+
) (8)
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Figure 5. LSV curves of SD-Pt (a) and Pt/C (b) in O,-saturated 0.1
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Figure 4. LSV measurements taken at different rotation rates in O,-
saturated 0.1 M KOH at a scan rate of 10 mV s~' along with the
associated Koutecky—Levich plot of SD-Pt (a,b) and Pt/C (c,d).

-1/6 2

B = 0.2Fnv ™"/ COZDoi3 (6)
where ] is the measured current density, J; is the kinetic
current density, @ is the rotation speed in rpm, B is the
reciprocal of the slope, n is the number of electrons transferred,
F is the Faraday constant (96485 C mol™!), D, is the
diffusion coefficient of O, in 0.1 M KOH (1.98 X 10~ cm?
s7!), v is the kinetic viscosity (0.01 cm® s7'), and Cg, is the
concentration of O, in 0.1 M KOH (1.48 X 10° mol L™"). The
calculated number of electrons transferred per oxygen
molecule was 3.5 and 4.2 for SD-Pt and Pt/C, respectively.
Since a three-electron pathway is physically impossible, the
ORR is likely occurring through the 4-electron pathway,
considering possible measurement errors. This is consistent
with literature reports on the ORR of Pt in alkaline media.” In
a study reported earlier, for values less than 3.5 (calculated for
bimetallic Pt—Ni nanomaterials), a mixed two- and four-
electron transfer was suggested.36

As previously mentioned, one major issue facing the
development of fuel cells is catalyst stability. To investigate
the stability of SD-Pt, durability tests in the form of potential
cycling were undertaken. The potential was cycled between 0.1
and —0.5 V vs SCE at a scan rate of 2 V s™! in O,-saturated
KOH at room temperature. LSV was carried out in fresh O,-
saturated 0.1 M KOH immediately after 1000 cycles in N,-
saturated 0.5 M H,SO,. The LSV curves in Figure S show that
after 1000 cycles, there was no drop in the half-wave potential
(measured at ] = 3.0 mA cm™?) for SD-Pt compared to a drop
of 11.9 mV for the Pt/C catalyst. These results indicate that
over 1000 cycles, SD-Pt has significantly better durability for
the ORR compared to the commercial catalyst.

Figure 6 shows the relative loss in the electroactive surface
area of SD-Pt in comparison to that of Pt/C before and after
potential cycling. After 1000 cycles, there is a significant drop
in surface area for Pt/C of around 40%, whereas SD-Pt only
has a loss of 20%, implying better durability.

From these stability tests, we can conclude that SD-Pt offers
a better overall performance for the ORR due to its higher
durability and reduced loss in electroactive surface area after
1000 potential cycles compared to commercial Pt/C. In
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templates and commercial Pt/C, which are not as environ-
mentally friendly.

B CONCLUSIONS

In conclusion, our study has demonstrated that a self-
supported mesoporous Pt catalyst with a single diamond
architecture exhibited excellent stability toward the ORR
superior to that of commercial Pt/C while simultaneously
displaying high catalytic performance. These findings suggest
that this material can potentially be incorporated as a
promising catalyst material in high-performance fuel cells in
the future.

B MATERIALS AND METHODS

All of the compounds were used as received. Phytantriol was
purchased from TCI Europe (98% purity), while hexachlor-
oplatinic acid (HCPA) solution (8 wt % in water) was
purchased from Aldrich. 0.5 M sulfuric acid was prepared by
dilution from Merck p.a. grade concentrated acid. 0.1 M
potassium hydroxide was prepared by dissolution of KOH
purchased from Merck. All solutions were prepared in
ultrapure Milli-Q water. Electrochemical studies were carried
out in a standard three-electrode cell composed of a platinum
gauze counter electrode, an SCE reference electrode, and a 3
mm Au disc rotating disc electrode.

Single diamond Pt was synthesized following the procedure
by Akbar et al.”* Au disc electrodes (diameter = 3 mm) are
used for electrochemical investigations. For SAXS and TEM
analysis, gold archival DVDs of area ~1 cm® from Delkin
Devices are used as working electrodes. Working electrodes
were coated with a thin layer of phytantriol by dipping into an
ethanolic mixture phytantriol (w/w ratio of 1:2), followed by
drying under ambient conditions. Phytantriol-coated electro-
des were soaked in an HCPA solution for not less than 10 min
prior to deposition. For deposition, the potential was stepped
from +0.6 to —0.246 V vs the SCE reference electrode in
excess HCPA solution. After deposition, the phytantriol layer
was washed away by rinsing with ethanol and water.

In order to prepare the Pt/C benchmark catalyst, a
measured amount of 20 wt % Pt on Vulcan carbon
(XC72R) (purchased from Johnson Matthey) was measured
out and mixed with 0.9 mL of DI water, 0.5 mL of IPA, and 0.5
mL of Nafion (used as purchased from Aldrich) to create an
ink. The ink was then placed on a 3 mm Au RDE tip and
allowed to dry to create the Pt/C catalyst. For physical

https://doi.org/10.1021/acsomega.4c06385
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Figure 6. Comparison of the electroactive surface area degradation of SD-Pt (a) and Pt/C (b) with potential cycling taken by cyclic voltammetry in
N,-saturated 0.5 M H,SO, at 50 mV s™'. Relative loss in Pt surface area with the number of cycles measured by hydrogen underpotential

deposition (c).

characterization, SD-Pt was electrodeposited onto electrodes
cut for use from archival gold DVDs from Delkin Devices.
SAXS experiments were performed at Diamond Light
Source using beamline 122 in transmission mode with a
detector distance of 4752 mm and an energy of 12.4 keV. TEM
analysis was carried out using the model JSM-2100PLUS.

B ASSOCIATED CONTENT

@ Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsomega.4c0638S.

TEM images of SD-platinum and 1D-integrated SAXS
pattern of phytantriol (PDF)

B AUTHOR INFORMATION

Corresponding Author
Iris Nandhakumar — Department of Chemistry, University of
Southampton, Southampton SO17 1B], UK,; ® orcid.org/
0000-0002-9668-9126; Email: iris@soton.ac.uk

Authors

Joshua S. White — Department of Chemistry, University of
Southampton, Southampton SO17 1BJ, UK.

Wanli Liu — Department of Chemistry, University of Bath,
Bath BA2 7AY, UK, © orcid.org/0000-0003-1603-3184

Samuel C. Perry — Department of Chemistry, University of
Southampton, Southampton SO17 1B], UK,; ® orcid.org/
0000-0002-6263-6114

Samina Akbar — Department of Chemistry, University of
Southampton, Southampton SO17 1BJ, UK,; ® orcid.org/
0000-0002-9456-3861

Diego Alba-Venero — Rutherford Appleton Laboratory, ISIS
Neutron and Muon Source, Didcot OX11 0QX, UK.

8086

Nicholas J. Terrill — Diamond Light Source, Didcot,
Oxfordshire OX11 ODE, U.K.

Adam Squires — Department of Chemistry, University of Bath,
Bath BA2 7AY, UK.

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsomega.4c06385

Author Contributions

This manuscript was written through contributions of all
authors. All authors have given approval to the final version of
the manuscript.

Funding

LN. wishes to acknowledge financial support by the Engineer-
ing and Physical Sciences Research Council (EPSRC) under
Grant No. EP/T026219/1.

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

The authors would like to thank Diamond Light Source for
beamtime (NT33748, NT35376, NT35348) and the staff of
beamline 122 for assistance with data collection. J.W. would
like to acknowledge Diamond Light Source and ISIS for co-
sponsoring a PhD studentship.

B REFERENCES

(1) Bak, T; Nowotny, J; Rekas, M,; Sorrell, C. C. Photo-
electrochemical hydrogen generation from water using solar energy.
Materials-related aspects. Int. J. Hydrogen Energy 2002, 27 (10), 991—
1022.

(2) Hamada, A. T.; Orhan, M. F.; Kannan, A. M. Alkaline fuel cells:
Status and prospects. Energy Reports 2023, 9, 6396—6418.

(3) Islam, J.; Kim, S.-K;; Kim, K.-H,; Lee, E.; Park, G.-G. Enhanced
durability of Pt/C catalyst by coating carbon black with silica for

https://doi.org/10.1021/acsomega.4c06385
ACS Omega 2025, 10, 8082—-8088


https://pubs.acs.org/doi/10.1021/acsomega.4c06385?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c06385/suppl_file/ao4c06385_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Iris+Nandhakumar"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-9668-9126
https://orcid.org/0000-0002-9668-9126
mailto:iris@soton.ac.uk
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Joshua+S.+White"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Wanli+Liu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-1603-3184
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Samuel+C.+Perry"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-6263-6114
https://orcid.org/0000-0002-6263-6114
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Samina+Akbar"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-9456-3861
https://orcid.org/0000-0002-9456-3861
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Diego+Alba-Venero"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Nicholas+J.+Terrill"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Adam+Squires"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c06385?ref=pdf
https://doi.org/10.1016/S0360-3199(02)00022-8
https://doi.org/10.1016/S0360-3199(02)00022-8
https://doi.org/10.1016/S0360-3199(02)00022-8
https://doi.org/10.1016/j.egyr.2023.05.276
https://doi.org/10.1016/j.egyr.2023.05.276
https://doi.org/10.1016/j.ijhydene.2020.09.194
https://doi.org/10.1016/j.ijhydene.2020.09.194
https://pubs.acs.org/doi/10.1021/acsomega.4c06385?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c06385?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c06385?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c06385?fig=fig6&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c06385?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

oxygen reduction reaction. Int. J. Hydrogen Energy 2021, 46 (1),
1133—1143. Li, W.-Z,; Ly, B.-A,; Gan, L,; Tian, N.; Zhang, P.-Y.; Yan,
W.,; Chen, W.-X,; Chen, Y.-H.; Zhou, Z.-Y.; Sun, S.-G. High activity
and durability of carbon-supported core-shell PtPx@ Pt/C catalyst for
oxygen reduction reaction. Chinese Journal of Catalysis 2021, 42 (12),
2173—2180. Ruan, M,; Liu, J.; Song, P.; Xu, W. Meta-analysis of
commercial Pt/C measurements for oxygen reduction reactions via
data mining. Chinese Journal of Catalysis 2022, 43 (1), 116—121.

(4) Zhang, C.; Shen, X; Pan, Y.; Peng, Z. A review of Pt-based
electrocatalysts for oxygen reduction reaction. Frontiers in Energy
2017, 11, 268—285.

(5) Sarkar, S.; Patel, S.; Sampath, S. Efficient oxygen reduction
activity on layered palladium phosphosulphide and its application in
alkaline fuel cells. . Power Sources 2020, 445, No. 227280.

(6) Zhao, Z.; Xia, Z. Design Principles for Dual-Element-Doped
Carbon Nanomaterials as Efficient Bifunctional Catalysts for Oxygen
Reduction and Evolution Reactions. ACS Catal. 2016, 6 (3), 1553—
1558.

(7) Li, M.; Zhao, Z.; Cheng, T.; Fortunelli, A,; Chen, C.-Y,; Yu, R;
Zhang, Q.; Gu, L; Merinov, B. V,; Lin, Z.; et al. Ultrafine jagged
platinum nanowires enable ultrahigh mass activity for the oxygen
reduction reaction. Science 2016, 354 (6318), 1414—1419.

(8) Kibsgaard, J; Gorlin, Y.; Chen, Z.; Jaramillo, T. F. Meso-
structured platinum thin films: active and stable electrocatalysts for
the oxygen reduction reaction. J. Am. Chem. Soc. 2012, 134 (18),
7758—=776S.

(9) Yao, Z.; Yuan, Y.; Cheng, T.; Gao, L.; Sun, T; Lu, Y.; Zhou, Y.-
G.; Galindo, P. L.; Yang, Z.; Xu, L.; et al. Anomalous size effect of Pt
ultrathin nanowires on oxygen reduction reaction. Nano Lett. 2021, 21
(21), 9354—9360.

(10) Ren, X;; Wang, Y,; Liu, A;; Zhang, Z.; Lv, Q; Liu, B. Current
progress and performance improvement of Pt/C catalysts for fuel
cells. Journal of Materials Chemistry A 2020, 8 (46), 24284—24306.

(11) Shao-Horn, Y.; Sheng, W.; Chen, S.; Ferreira, P. J.; Holby, E.;
Morgan, D. Instability of supported platinum nanoparticles in low-
temperature fuel cells. Top. Catal. 2007, 46, 285—305.

(12) Nesselberger, M.; Ashton, S.; Meier, J. C.; Katsounaros, L;
Mayrhofer, K. J.; Arenz, M. The particle size effect on the oxygen
reduction reaction activity of Pt catalysts: influence of electrolyte and
relation to single crystal models. J. Am. Chem. Soc. 2011, 133 (43),
17428—17433.

(13) Mayrhofer, K. J.; Hartl, K; Juhart, V.; Arenz, M. Degradation of
carbon-supported Pt bimetallic nanoparticles by surface segregation. J.
Am. Chem. Soc. 2009, 131 (45), 16348—16349.

(14) Velazquez-Palenzuela, A.; Masini, F.; Pedersen, A. F.; Escudero-
Escribano, M.; Deiana, D.; Malacrida, P.; Hansen, T. W.; Friebel, D,;
Nilsson, A.; Stephens, I. E.; et al. The enhanced activity of mass-
selected PtxGd nanoparticles for oxygen electroreduction. J. Catal.
2018, 328, 297-307.

(15) Stamenkovic, V. R.; Fowler, B.; Mun, B. S.; Wang, G.; Ross, P.
N.; Lucas, C. A.; Markovic, N. M. Improved oxygen reduction activity
on Pt3Ni (111) via increased surface site availability. science 2007, 315
(5811), 493—497.

(16) Oezaslan, M.; Heggen, M. Strasser, P. Size-Dependent
morphology of dealloyed bimetallic catalysts: Linking the nano to
the macro scale. J. Am. Chem. Soc. 2012, 134 (1), 514—524.

(17) Sasaki, K; Zhang, L.; Adzic, R. Niobium oxide-supported
platinum ultra-low amount electrocatalysts for oxygen reduction. Phys.
Chem. Chem. Phys. 2008, 10 (1), 159—167. Mladenovic, D.; Santos,
D. M,; Bozkurt, G.; Soylu, G. S.; Yurtcan, A. B.; Miljanic, S.; Sljukic,
B. Tailoring metal-oxide-supported PtNi as bifunctional catalysts of
superior activity and stability for unitised regenerative fuel cell
applications. Electrochem. Commun. 2021, 124, No. 106963.

(18) Antolini, E.; Perez, J. The renaissance of unsupported
nanostructured catalysts for low-temperature fuel cells: from the
size to the shape of metal nanostructures. J. Mater. Sci. 2011, 46,
4435—4457.

(19) Wang, H.-H,; Zhou, Z.-Y.; Yuan, Q.; Tian, N.; Sun, S.-G. Pt
nanoparticle netlike-assembly as highly durable and highly active

8087

electrocatalyst for oxygen reduction reaction. Chem. Commun. 2011,
47 (12), 3407—3409.

(20) Smith, A.; Alcock, S.; Davidson, L.; Emmins, J.; Hiller Bardsley,
J.; Holloway, P.; Malfois, M.; Marshall, A.; Pizzey, C.; Rogers, S. 122:
SAXS/WAXS beamline at Diamond Light Source—an overview of 10
years operation. J. Synchrotron Radiat. 2021, 28 (3), 939—947.

(21) Tyler, A. L; Barriga, H. M.; Parsons, E. S.; McCarthy, N. L,;
Ces, O.; Law, R. V,; Seddon, J. M,; Brooks, N. J. Electrostatic swelling
of bicontinuous cubic lipid phases. Soft Matter 2015, 11 (16), 3279—
3286.

(22) Meikle, T. G.; Yao, S.; Zabara, A; Conn, C. E.; Drummond, C.
J.; Separovic, F. Predicting the release profile of small molecules from
within the ordered nanostructured lipidic bicontinuous cubic phase
using translational diffusion coefficients determined by PFG-NMR.
Nanoscale 2017, 9 (7), 2471—-2478.

(23) Akbar, S.; Boswell, J.; Waters, S.; Williams, S.; Elliott, J. M.;
Squires, A. M. Control of Pore and Wire Dimensions in Mesoporous
Metal Nanowire Networks through Curvature Modulation in Lipid
Templates: Implications for Use as Electrodes. ACS Applied Nano
Materials 2021, 4 (6), 5717—5725.

(24) Lyu, X;; Zhang, W.-N.; Li, G.; Shi, B.-W.; Zhang, Y.-N.; Chen,
H,; Li, S.-C.; Wang, X. Two-dimensional porous PtPd nanostructure
electrocatalysts for oxygen reduction reaction. ACS Applied Nano
Materials 2020, 3 (9), 8586—8591.

(25) Chen, D,; Li, Z.; Zhou, Y.; Ma, X; Lin, H.; Ying, W.; Peng, X.
Fe 3 Pt intermetallic nanoparticles anchored on N-doped mesoporous
carbon for the highly efficient oxygen reduction reaction. Chem.
Commun. 2020, 56 (36), 4898—4901.

(26) Xie, Y.; Yang, Y.; Muller, D. A;; Abrufia, H. C. D.; Dimitrov, N.;
Fang, J. Enhanced ORR kinetics on Au-Doped Pt—Cu porous films in
alkaline media. ACS Catal. 2020, 10 (17), 9967—9976.

(27) Jiao, W.; Chen, C.; You, W.; Chen, G.; Xue, S.; Zhang, J.; Liu,
J.; Feng, Y.; Wang, P.; Wang, Y.; et al. Tuning strain effect and surface
composition in PdAu hollow nanospheres as highly efficient ORR
electrocatalysts and SERS substrates. Appl. Catal, B 2020, 262,
No. 118298.

(28) Li, Z,; Niu, W.; Yang, Z.; Zaman, N.; Samarakoon, W.; Wang,
M,; Kara, A; Lucero, M,; Vyas, M. V,; Cao, H,; et al. Stabilizing
atomic Pt with trapped interstitial F in alloyed PtCo nanosheets for
high-performance zinc-air batteries. Energy Environ. Sci. 2020, 13 (3),
884—89S.

(29) Cui, Z; Li, Y; Fu, G; Li, X; Goodenough, J. B. Robust
Fe3Mo3C supported IrMn clusters as highly efficient bifunctional air
electrode for metal—air battery. Adv. Mater. 2017, 29 (40),
No. 1702385.

(30) Dong, Z.; Li, M.; Zhang, W.; Liu, Y.; Wang, Y.; Qin, C.; Yu, L;
Yang, J.; Zhang, X.; Dai, X. Cobalt Nanoparticles Embedded in N, S
Co-Doped Carbon towards Oxygen Reduction Reaction Derived by
in situ Reducing Cobalt Sulfide. ChemCatChem. 2019, 11 (24),
6039—6050.

(31) Han, C; Li, Q;; Wang, D.; Lu, Q.; Xing, Z.; Yang, X. Cobalt
sulfide nanowires core encapsulated by a N, S codoped graphitic
carbon shell for efficient oxygen reduction reaction. Small 2018, 14
(17), No. 1703642.

(32) Yuan, Y,; Wang, J.; Adimi, S.; Shen, H.; Thomas, T.; Ma, R;;
Attfield, J. P.; Yang, M. Zirconium nitride catalysts surpass platinum
for oxygen reduction. Nature materials 2020, 19 (3), 282—286.

(33) Lai, Q;; Zheng, J.; Tang, Z.; Bi, D.; Zhao, J.; Liang, Y. Optimal
configuration of N-doped carbon defects in 2D turbostratic carbon
nanomesh for advanced oxygen reduction electrocatalysis. Angew.
Chem. 2020, 132 (29), 12097—12104.

(34) Zang, W.; Sumboja, A; Ma, Y.; Zhang, H.; Wy, Y.; Wy, S.; W,
H,; Liu, Z,; Guan, C.; Wang, J.; et al. Single Co atoms anchored in
porous N-doped carbon for efficient zinc—air battery cathodes. ACS
Catal. 2018, 8 (10), 8961—8969.

(35) Genies, L.; Faure, R.; Durand, R. Electrochemical reduction of
oxygen on platinum nanoparticles in alkaline media. Electrochim. Acta
1998, 44 (8—9), 1317—1327.

https://doi.org/10.1021/acsomega.4c06385
ACS Omega 2025, 10, 8082—-8088


https://doi.org/10.1016/j.ijhydene.2020.09.194
https://doi.org/10.1016/S1872-2067(21)63901-3
https://doi.org/10.1016/S1872-2067(21)63901-3
https://doi.org/10.1016/S1872-2067(21)63901-3
https://doi.org/10.1016/S1872-2067(21)63854-8
https://doi.org/10.1016/S1872-2067(21)63854-8
https://doi.org/10.1016/S1872-2067(21)63854-8
https://doi.org/10.1007/s11708-017-0466-6
https://doi.org/10.1007/s11708-017-0466-6
https://doi.org/10.1016/j.jpowsour.2019.227280
https://doi.org/10.1016/j.jpowsour.2019.227280
https://doi.org/10.1016/j.jpowsour.2019.227280
https://doi.org/10.1021/acscatal.5b02731?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.5b02731?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.5b02731?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1126/science.aaf9050
https://doi.org/10.1126/science.aaf9050
https://doi.org/10.1126/science.aaf9050
https://doi.org/10.1021/ja2120162?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja2120162?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja2120162?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.1c03805?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.1c03805?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D0TA08312G
https://doi.org/10.1039/D0TA08312G
https://doi.org/10.1039/D0TA08312G
https://doi.org/10.1007/s11244-007-9000-0
https://doi.org/10.1007/s11244-007-9000-0
https://doi.org/10.1021/ja207016u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja207016u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja207016u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja9074216?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja9074216?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.jcat.2014.12.012
https://doi.org/10.1016/j.jcat.2014.12.012
https://doi.org/10.1126/science.1135941
https://doi.org/10.1126/science.1135941
https://doi.org/10.1021/ja2088162?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja2088162?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja2088162?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/B709893F
https://doi.org/10.1039/B709893F
https://doi.org/10.1016/j.elecom.2021.106963
https://doi.org/10.1016/j.elecom.2021.106963
https://doi.org/10.1016/j.elecom.2021.106963
https://doi.org/10.1007/s10853-011-5499-3
https://doi.org/10.1007/s10853-011-5499-3
https://doi.org/10.1007/s10853-011-5499-3
https://doi.org/10.1039/c0cc04668j
https://doi.org/10.1039/c0cc04668j
https://doi.org/10.1039/c0cc04668j
https://doi.org/10.1107/S1600577521002113
https://doi.org/10.1107/S1600577521002113
https://doi.org/10.1107/S1600577521002113
https://doi.org/10.1039/C5SM00311C
https://doi.org/10.1039/C5SM00311C
https://doi.org/10.1039/C6NR07382D
https://doi.org/10.1039/C6NR07382D
https://doi.org/10.1039/C6NR07382D
https://doi.org/10.1021/acsanm.1c00505?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsanm.1c00505?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsanm.1c00505?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsanm.0c01900?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsanm.0c01900?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D0CC00895H
https://doi.org/10.1039/D0CC00895H
https://doi.org/10.1021/acscatal.0c02690?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.0c02690?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.apcatb.2019.118298
https://doi.org/10.1016/j.apcatb.2019.118298
https://doi.org/10.1016/j.apcatb.2019.118298
https://doi.org/10.1039/C9EE02657F
https://doi.org/10.1039/C9EE02657F
https://doi.org/10.1039/C9EE02657F
https://doi.org/10.1002/adma.201702385
https://doi.org/10.1002/adma.201702385
https://doi.org/10.1002/adma.201702385
https://doi.org/10.1002/cctc.201900887
https://doi.org/10.1002/cctc.201900887
https://doi.org/10.1002/cctc.201900887
https://doi.org/10.1002/smll.201703642
https://doi.org/10.1002/smll.201703642
https://doi.org/10.1002/smll.201703642
https://doi.org/10.1038/s41563-019-0535-9
https://doi.org/10.1038/s41563-019-0535-9
https://doi.org/10.1002/ange.202000936
https://doi.org/10.1002/ange.202000936
https://doi.org/10.1002/ange.202000936
https://doi.org/10.1021/acscatal.8b02556?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.8b02556?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/S0013-4686(98)00254-0
https://doi.org/10.1016/S0013-4686(98)00254-0
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c06385?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega http://pubs.acs.org/journal/acsodf

(36) Wang, G.; Yang, Z.; Du, Y.; Yang, Y. Programmable exposure of
Pt active facets for efficient oxygen reduction. Angew. Chem., Int. Ed.
2019, S8 (44), 15848—15854. Di Spirito, N. A.; Liu, W.; Williams, S.;
Squires, A. M.; Di Lorenzo, M. Green Synthesis of Catalytic 3D
Platinum Nanostructures from a Body-Centered Cubic Pluronic
Micellar Array Template. Adv. Mater. Interfaces 2024, 11,
No. 2400446.

8088

https://doi.org/10.1021/acsomega.4c06385
ACS Omega 2025, 10, 8082—-8088


https://doi.org/10.1002/anie.201907322
https://doi.org/10.1002/anie.201907322
https://doi.org/10.1002/admi.202400446
https://doi.org/10.1002/admi.202400446
https://doi.org/10.1002/admi.202400446
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c06385?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

