Open Access Article. Published on 21 Dezember 2023. Downloaded on 24.02.26 23:15:47.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

EES Catalysis

¥® ROYAL SOCIETY
PP OF CHEMISTRY

View Article Online

View Journal | View Issue

’ '.) Check for updates ‘

Cite this: EES Catal., 2024,
2,624

Received 24th September 2023,
Accepted 20th November 2023

DOI: 10.1039/d3ey00235g

rsc.li/eescatalysis

Broader context

Electrochemical trends of a hybrid platinum
and metal—nitrogen—carbon catalyst library
for the oxygen reduction reactionf
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Enhancing the activity and durability of Pt nanoparticles for the oxygen reduction reaction (ORR) is of
critical importance in achieving an optimal, cost-efficient proton exchange membrane fuel cell (PEMFC)
catalyst. Aimed at improving the intrinsic catalytic activity and durability of the Pt nanoparticles, this
work utilizes a library of fourteen 3d, 4d, 5d, and f metal atomically dispersed metal—nitrogen—carbon
(M=N-C) catalysts as active supports, synthesizing a corresponding library of Pt/M-N-C catalysts. XPS
and XANES measurements indicate a reduced oxidation state of the Pt nanoparticles due to interactions
with the M—N-C support. Further alteration of the electronic structure of the Pt nanoparticles arising
from interactions with the M—N, sites is evidenced through the CO oxidation peak, which experiences
broadening, shoulder formation and peak shifting over varying M—N-C supports. ORR performance
reveals the significantly enhanced intrinsic catalytic activity of the Pt nanoparticles on M—N-Cs over a
Pt/C standard, through specific activity calculations. This work demonstrates the application of highly
active hybrid Pt/M-N-C catalysts, showcasing the variation in activity as one traverses the periodic table,
while highlighting important design criteria to achieve highly active and durable ORR catalysts.

Proton exchange membrane fuel cells (PEMFC) are a promising renewable alternative to fossil fuel-based transportation, particularly with respect to long haul
trucking. The high cost of platinum (Pt), combined with the high loadings required for sustained performance and inadequate durability limits the widespread
deployment of PEMFCs. Atomically dispersed metal-nitrogen-carbon (M-N-C) catalysts have shown strong oxygen reduction reaction (ORR) performance,
while significantly reducing metallic content, due to a maximized atom utilization. However, M-N-C catalysts often suffer from reduced durability. In this
work, we synthesize a library of hybrid Pt/M-N-C catalysts, exploring 3d, 4d, 5d and f metals, highlighting the unique interactions between the M-N, site and Pt
nanoparticles. The Pt/M-N-C ORR performance demonstrates a significantly enhanced intrinsic specific activity of the Pt nanoparticles interacting with the
supporting M-N, sites, however, durability studies highlight the importance of the carbon structure in the underlying M-N-C support. This work provides a
platform for creating highly tailorable Pt/M-N-C systems, in which the metal center can be tuned to alter the electronic structure of the Pt nanoparticles,
increasing catalytic activity. While also demonstrating the importance of a more graphitic carbon structure of the M-N-C for enhanced durability.
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Significant global research efforts have been aimed at the
decarbonization of the transportation and energy sector, with
proton exchange membrane fuel cells (PEMFC), presenting
an alternative to traditional fossil fuel-based technologies.
Although PEMFCs are becoming increasingly viable alterna-
tives, a major drawback remains the use of expensive catalysts
to drive the sluggish cathodic oxygen reduction reaction (ORR)
at sufficiently high rates.' While platinum (Pt) based catalysts
remain the best performing materials for the ORR, numerous
efforts have been made to reduce the amount of Pt used or

© 2024 The Author(s). Published by the Royal Society of Chemistry
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improve the intrinsic activity of the Pt. Although these efforts
have made significant advancements in the field, the high price
and scarcity of Pt remains a major roadblock for the deploy-
ment and wide-spread commercial use of PEMFCs.*”

As a more sustainable alternative to Pt based materials,
extensive efforts have been aimed at the development of
highly active and stable platinum-group-metal (PGM) free cata-
lysts.»* The most reported of this class are atomically dis-
persed metal-nitrogen-carbon (M-N-C) catalysts, which have
made commendable progress. However, despite the rapid
improvements of M-N-C catalysts, a major drawback remains
the activity and durability issues, which must be improved prior
to its commercial deployment.'®**

Recently, aimed at increasing the intrinsic activity and
durability of the Pt nanoparticles, it has been hypothesized
that by utilizing M-N-C materials as an active support for the
Pt nanoparticles, electron donation from the M-N, sites to
the more electrophilic Pt nanoparticles could yield increased
activity and durability of the hybrid Pt/M-N-C catalysts over
traditional Pt/C or M-N-C catalysts.">™** Experimental reports
of Pt/M-N-C catalyst have only recently been reported in the
literature, and are generally divided into two approaches to
achieve synergistic effects: the use of Pt nanoparticles at an
ultra-low loading as an additive for M-N-C catalysts or the
substitution of the carbon support with an M-N-C material for
typical higher loading Pt-based catalysts. The first approach
utilizes Pt as an additive to leverage the nature of Pt as a strong
peroxide scavenger, which prevents the rapid degradation of
the M-N-C catalyst due to the production of caustic hydrogen
peroxide through the parasitic 2e” + 2e~ transfer pathway
(compared with the ideal 4e” transfer pathway leading only to
the formation of water).”>° In the second approach, the
substitution of the carbon support, with an M-N-C material
replaces an ORR inactive carbonaceous support material with a
material that has an intrinsic activity for the ORR to improve
the catalyst layer performance or alter the electronic structure
of the Pt nanoparticles through Pt nanoparticle-M-N, interac-
tions, enhancing the ORR activity.'>'*?'? Recently, work from
Qiao et al. and Liang et al., demonstrated that the strong
interactions occurred between the M-N, sites of the M-N-C
support material and the Pt nanoparticles, which were attrib-
uted to the observed activity and durability improvements.'*"*>
The strength and nature of the Pt nanoparticle-M-N,. interac-
tions could be tuned for enhanced ORR performance (ie.,
optimizing reactant or intermediate adsorption energies) by
tailoring the M-N, center, either through ligand field effects or
by changing the metal center(s) in the M-N, site.

Here, we employ a library of 14 atomically dispersed M-N-C
catalysts, with 3d, 4d, 5d, and f metal centers to synthesize a
corresponding library of 14 Pt-decorated M-N-C catalysts, Pt/
M-N-C. Electron microscopy confirms the simultaneous
presence of atomically dispersed Pt nanoparticles (2-5 nm)
on top of atomically dispersed M-N, sites. Chemical analysis
reveals an electron donating behavior of the M-N-C support to
the Pt nanoparticles, reducing the Pt oxidation state. The ORR
behavior of the M-N-C supports is first analyzed, highlighting
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the superior behavior of the Fe-N-C and Rh-N-C materials.
The ORR performance of the Pt/M-N-C catalysts is then exam-
ined, resulting in half wave potentials (E;;,) up to 0.91 V vs.
RHE. CO stripping measurements again highlight the unique
interactions of the M-N, sites on the electronic structure of the
Pt nanoparticles, leading to peak shifts and shoulder forma-
tions in the CO oxidation peaks, with the creation of sites that
either promote or inhibit CO oxidation, based on the M-N; site.
The Pt/M-N-C catalysts showed competitive mass activities
(M,) over 230 A gp " as compared to standard Pt/C catalysts.
The intrinsic catalytic activity, represented by the specific
activity (S,) of the Pt/M-N-C, Pt nanoparticles, was significantly
enhanced up to 670 pA cm ™2 as compared to 400 pA cm ™2 for
standard Pt/C. Durability measurements following both a more
mild drive cycle protocol (0.6-1.0 V vs. RHE) and harsher start-
up shut-down protocol (1.0-1.5 V vs. RHE) highlighted a critical
design consideration when synthesizing Pt/M-N-C catalysts.
The Pt/M-N-C catalysts demonstrated a high durability in the
lower potential regime, while suffering from significant carbon
corrosion and loss of ECSA in the higher potential regime.
Despite the degradation, the S, of the Pt/M-N-C catalyst
remains extremely high, 6x higher than Pt/C. The issue of
durability is linked to the stability of the carbon matrix in
which the M-N, sites are anchored, with the lower graphic
content of the M-N-Cs leading to increased carbon corrosion
as compared to the graphitic carbon support of the standard
Pt/C. This presents a clear target to not only maintain the
increased intrinsic ORR activity of the Pt/M-N-C catalysts, but
also improve the durability by synthesizing M-N-C based
supports with a larger graphic content. This work demonstrates
the unique range of Pt/M-N-C catalysts that can be synthe-
sized, while highlighting the unique interaction of the M-N,
sites on the Pt nanoparticles, and elucidating important design
criteria, presenting a viable strategy for synthesizing highly
active and durable hybrid Pt/M-N-C ORR catalysts.

Results and discussion
Synthesis and characterization of materials

Atomically dispersed M-N-C materials were synthesized via the
robust sacrificial support method (SSM), originally developed
by our group.”*>® The SSM has been regularly practiced for first
row transition metals and utilized for the ORR, carbon dioxide
reduction, and reduction of nitrogen species.””*® Recently, we
extended the SSM to include 4d, 5d and f-metals and synthe-
sized a set of 13 M-N-C catalysts (M = Cr, Mn, Fe, Co, Ni, Cu,
Mo, Ru, Rh, Pd, La, Ce and W) for the reduction of nitrogen
oxides.?® Here, we have utilized this set of M-N-C’s, and
introduced a Pt-N-C sample, comprising a library of 14 M-N-C
materials and a metal free N-C catalyst.

The SSM is described in detail in the methods section and
shown schematically in the top section of Fig. 1. Briefly, a
mixture of nicarbazin, nanoporous silica, and a metal salt
precursor are pyrolyzed in a reductive atmosphere, impregnat-
ing the pores of the nanoporous silica prior to complete
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Fig.1 Synthesis of the Pt/M—-N-C samples. The sacrificial support method (top) is used to synthesize atomically dispersed M—-N-C supports.
The selection of M—=N-C catalysts used in this work is shown in the top right. A microwave-assisted polyol method with chloroplatinic acid is used

for the synthesis of the Pt nanoparticles.

carbonization. An acid wash in HF is used to remove the sacri-
ficial silica template and any metallic nanoparticles. A second
pyrolysis in an ammonia atmosphere removes any fluorinated
species, increases defects, etches micropores, and disperses
possible nanoclusters, increasing catalyst activity. The Pt nano-
particles are synthesized in a large-scale batch (to avoid issues
of batch-to-batch variation) based on a previously reported,
adapted version of the classical polyol method. These nano-
particles have an average size of ca. 2-5 nm in diameter with a
uniform size distribution and active surfaces that are easily
cleaned via electrochemical potential cycling as large surfac-
tants are not used in this synthesis approach. The microwave
assisted polyol method is shown in the bottom section of Fig. 1.
The Pt precursor is dispersed in ethylene glycol and transi-
tioned to alkaline pH for efficient reduction of the Pt ions,
through the addition of 1 M NaOH. The solution was heated to
180 °C and held for 20 min. Finally, the solution was adjusted
to an acidic pH (adding 1 M H,S0,), pH 3, to prevent further
reduction. The Pt particles are then supported on either XC72R
or an M-N-C (or metal free N-C) by mixing the nanoparticles
and support material in a 50/50 mixture of water/ethylene glycol
and stirred for 24 hours, followed by vacuum filtration, and
dried at 60 °C. The targeted Pt loading is ca. 20 wt%.

The synthesis parameters were optimized to maintain an
atomic dispersion for each metal element of the M-N-C
materials (see Methods section). Aberration corrected AC high
angle annular dark field scanning transmission electron micro-
scopy (AC-HAADF-STEM) images are shown in Fig. 2a-e. Fig. 2a
and b show the Pt/Rh-N-C catalyst, where Pt nanoparticles and
Rh single atoms are simultaneously observed, confirming the
Rh remains as single atoms after the Pt deposition. Additional
TEM images showing the Pt particle size on XC72R vs. an M-N-
C are provided in Fig. S1 (ESIt). While additional low and high
mag STEM images of the Pt/Rh-N-C are provided in Fig. S2
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(ESIT). Energy dispersive X-ray spectroscopy (EDS) elemental
mapping is also presented in Fig. S3 (ESIt), confirming the
presence of Pt nanoparticles and a homogenous dispersion of
Rh, N and C, from the Rh-N-C support. Fig. 2c-e shows
representative M-N-C catalysts, for a 3d metal (Mn-N-C),
4d metal (Rh-N-C), and f metal (Ce-N-C), where in each image
the atomically dispersed metal sites are observed, confirming
an atomic dispersion of the metal.

X-ray diffraction (XRD) was used as one approach to confirm
the absence of metal nanoparticles in the Pt-N-C support
(as confirmed for the other M-N-Cs in a recent work>®) and
to investigate the crystalline phases of the Pt nanoparticles and
carbon structure of the catalysts. Fig. 3a shows show only the
(002) and (100) carbon peaks for the Pt-N-C, N-C and XC72R
samples, demonstrating the absence of crystalline metallic
nanoparticles. The XRD pattern for the Pt nanoparticle contain-
ing catalysts show the presence of the (111), (200), (220) and
(311) facets. The carbon structure of the support materials
(XC72R, N-C and Pt-N-C) were further investigated through
Raman spectroscopy. The deconvoluted spectra are shown in
Fig. 3b, where the D/G ratio of each support is given. By compar-
ing the D/G intensity ratios, the XC72R support (D/G = 0.94) is
shown to be more graphitic over the metal free N-C (1.16) and
atomically dispersed Pt-N-C (1.17) supports, synthesized using
the SSM. N,-physisorption was used to evaluate the pore size
distribution and surface area of the M-N-C supports, where a
dominating mesoporosity with 2 peaks (ca. 20 nm and ca. 65 nm)
are observed, characteristic of the sacrificial nanoporous silica
template. A surface area of ca. 600 m”> g~ ' is observed for both
the metal free N-C and Pt-N-C sample, consistent with the other
M-N-C’s reported in our previous work.>®

X-ray photoelectron spectroscopy (XPS) was used to probe
the N-moieties in the M-N-C supports. Fig. 3d shows a break-
down of the different nitrogen species present in the library of

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3ey00235g

Open Access Article. Published on 21 Dezember 2023. Downloaded on 24.02.26 23:15:47.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online

Paper EES Catalysis

Pt/Rh-N-C PURhA-N-C 5.

Fig. 2 Representative atomic resolution HAADF-STEM images of a Pt supported on an M—N-C catalyst and representative M—N—-C supports. (a) Low
magnification image of Pt/Rh—N-C. (b) High magnification image of Pt/Rh—N-C, where the coexistence of Rh single atoms and Pt nanoparticles can be
observed. Representative images of a 3d, 4d and f metal M—N-C support (c) Mn—N-C, (d) Rh—N-C and (e) Ce—N-C, where high contrast points indicate
atomically dispersed metal sites (see other M—N-C images in ref. 29).
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Fig. 3 Physical characterization of the atomically dispersed M—N-C supports. (a) XRD patterns of the catalyst supports and Pt nanoparticles on XC72R
and Pt—N-C. (b) Raman spectra of the catalyst supports, XC72R, N-C and Pt—N-C. (c) BJH pore size distribution of the representative M—N—-C catalysts.
Surface area of the catalysts determined from nitrogen physisorption is given in the inset. (d) N-moiety content from the N 1s XPS spectra. Other species
indicate amine, imine, quaternary and NO species. Deconvoluted XPS spectra taken from our recent work.2® (e) Comparison of the Pt 4f spectra
of Pt/N-C and Pt/Fe-N-C (f) Pt Ls-edge XANES spectra for Pt/XC72R, Pt/N-C and Pt/Fe-N-C.

M-N-C supports, derived from a deconvoluted high resolution S4 (ESIt) (data for other M-N-Cs was utilized from our recent
N 1s spectra, as shown for Pt-N-C (and metal free N-C) in Fig. study*®). From Fig. 3d, it is observed that generally, the
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concentration of pyridinic and pyrrolic nitrogen is similar
between 20-40 at% and 20-35 at%, respectively for all M—-N-
C’s, with the exception of Rh-, Pd- and W-N-C, where a
reduced pyridinic (ca. 10-15 at%) and increased pyrrolic con-
tent (ca. 35-50 at%) is observed. The concentration of graphitic
and M-N, species displays only a slight variability between the
M-N-C’s ranging from 5-10 at% and 10-20 at%, respectively.
Despite these ranges in the concentration of N-moieties, no
clear trend was observed between any specific N-moiety and its
ORR performance (likely due to its supporting nature towards
the Pt nanoparticles, rather than the ORR performance of the
M-N-C). Fig. S4 (ESIt) shows a typical deconvoluted high resolu-
tion N 1s spectrum, containing imine, pyridinic, M-N,, pyrrolic,
quaternary, graphitic and NO, N-moieties. The pyridinic, M-N,,
pyrrolic and graphitic are the ORR-relevant N-moieties and have
been suggested to play a role in ORR activity in the literature. XPS of
the Pt 4f region in Fig. 3e elucidates the particle-support inter-
actions of Pt/N-C and Pt/Fe-N-C catalysts. A clear shift towards
lower binding energy is observed on the Pt/Fe-N-C catalyst as
compared to Pt/N-C, demonstrating the electron donating ability of
the Fe-N, sites to the Pt nanoparticles, a feature that has been
previously observed in the literature.'*"#3°

To further investigate the electronic interaction of the M-N,
sites of the M-N-C support on the chemical state of the Pt
nanoparticles, laboratory-based X-ray absorbance (XAS) was
performed on an Easy-XAFS spectrometer to evaluate shifts in
the X-ray absorption near edge spectroscopy (XANES) Pt L;-edge
(11564 eV). Fig. 3f shows the XANES spectra for the Pt/XC72R
standard, Pt/N-C and Pt/Fe-N-C catalysts, where a shift in
the white line intensity is observed between the Pt/N-C and
Pt/Fe-N-C sample. It has been shown that a decrease in the
white line intensity suggests a reduced Pt oxidation state.*'~?
Clearly there is a unique interaction between the Pt nano-
particles and the M-N, site that is different from the metal
free N-moieties. It has been previously hypothesized that when
Pt nanoparticles are supported on atomically dispersed M-N,
sites, the increased electronegativity of the Pt nanoparticles
acts to draw electrons from the M-N, sites, in this case
Fe-N,.>!*183% Ag the Fe-N, sites donate electrons, the oxida-
tion state of the Pt is reduced, altering its intrinsic catalytic
activity, and perhaps increasing its binding strength with the
supporting M-N-C. These electron donating interactions are in
direct agreement with the Pt 4f XPS spectra, shifting towards
lower binding energy for the Pt/Fe-N-C catalyst. The reduced Pt
oxidation state on XC72R is perhaps to be due to the increased
surface amorphous (sp®) carbon, resulting from the desulfur-
ization processing, which can act as an electron donor to the Pt
nanoparticles.

Therefore, for the ORR analysis, we have successfully synthe-
sized a set of 14 active particle-active support Pt/M-N-C cata-
lysts (and Pt on metal free N-C, Pt/N-C), maintaining the
integrity of the atomically dispersed M-N, site after deposition
and demonstrated its chemical interaction with the Pt nano-
particles. It should be noted that representative characteriza-
tion for the Pt-N-C support is provided in this work, completed
characterization of the library of M—-N-C materials employed in
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this work is provided in our previous work, utilizing AC-STEM/
EDS, single atom electron energy loss spectroscopy (EELS),
and XAS, including extended X-ray absorption fine structure
(EXAFS) and XANES, XPS, ICP-MS, BET, XRD and Raman to
confirm the atomic dispersion, nitrogen coordination and
chemical state of the M-N, sites, as well as the physical
properties of the M-N-C materials.”®

ORR performance of M-N-C and Pt supported on M-N-C

To systematically evaluate the ORR performance of the M-N-C
materials and Pt/M-N-C systems, electrochemical measure-
ments were performed in 0.1 M HCIO, using a rotating disk
electrode (RDE) configuration. ORR activities were probed by
recording the current response on the disk in an O,-saturated
LSV (sweeping from 0.05 to 1.05 V vs. RHE) at 5 mV s ' and a
rotation speed of 1600 rpm as shown in Fig. 4 (all LSVs shown
grouped by 3d, 4d and 5d/f metals, for each M-N-C and Pt/M-
N-C in Fig. S5-S7, ESIt). Note that all potentials in this work are
reported against the reversible hydrogen electrode, RHE. The
first column in Fig. 4, comprising Fig. 4a, d and g, shows the
LSV for the M-N-C materials, separated by 3d metals (Fig. 4a),
4d metals (Fig. 4b) and 5d/f metals (Fig. 4g). Immediately it is
obvious that the metal free N-C has extremely limited ORR
performance, having a half-wave potential (E;,) of 0.34 V,
consistent with previous reports. For 3d metals, Mn-, Ni- and
Cu-N-C exhibit poor ORR performance with delayed ORR onset
potentials and E;, of 0.60, 0.45 and 0.54 V, respectively. Cr- and
Co-N-C exhibit increased ORR performance with E;, of 0.69 and
0.67 V, respectively. Fe-N-C demonstrates the highest ORR per-
formance of the 3d metals, displaying the highest ORR onset
potential and E;,, of 0.74 V and a non-negligible kinetic current
density (Jx@0.8 V), consistent with previous literature, as Fe-N-C
is the most highly studied M-N-C for the ORR.">'" For the 4d
metals, Mo- and Pd-N-C show poor ORR performance, having
delayed ORR onset potentials and E;, of 0.36 and 0.47 V,
respectively. Interestingly, although Ru-N-C has a poor Ej,
(0.63 V), the ORR onset potential and Jx (@0.8 V) are more
favorable than Fe- and Rh-N-C (the top performing M-N-Cs
for the ORR). Rh-N-C is not only the top performing 4d metal,
but also the highest performing M-N-C in terms of E;, (0.76 V);
however, it exhibits reduced Jx (@0.8 V) compared to Fe-N-C
(with similar transport limited current density, ;). Finally, the 5d
and f metals display almost no increased ORR activity over the
metal free N-C sample, with Pt-N-C having the lowest E;;, of
0.38 V (despite having the highest concentration of the M-N,
moiety of all M-N-Cs, Fig. 3e), compared to W-N-C (0.39 V),
La-N-C (0.40 V) and Ce-N-C (0.41 V).

The second column of Fig. 4, comprised of Fig. 4d, e and h,
shows the LSVs for Pt nanoparticles supported on the M-N-Cs,
Pt/M-N-C catalysts and reference Pt/C (Sigma 20 wt%), again
separated by 3d (Fig. 4d), 4d (Fig. 4e), 5d/f (Fig. 4h) metals.
First, it is apparent that the ORR activity is dominated by the Pt
nanoparticles as seen by a much narrower spread in the E;,, /i,
and Jx, which is expected due to the Pt precursor loading of
20 wt%, in contrast to the low metal loading in the M-N-C
supports (often sub 1 wt%). For Pt supported on 3d metal

© 2024 The Author(s). Published by the Royal Society of Chemistry
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M-N-Cs, the E;,, shifts to 0.9-0.91 V. For Pt on the 4d metal
supports, the E;, is shifted to ca. 0.91 V, however, Pt/Mo-N-C
shows the lowest E;, and reduced Jx. The reduced ORR
performance of the Mo-N-C and Pt/Mo-N-C could arise due
to its highly oxyphilic nature and largest metal content (by ICP-
MS).”° This value is more than double any other M-N-C,
causing unfavorable interactions with the Pt nanoparticles,
while also interfering with the 4e~ ORR pathway. It was recently
shown that highly oxyphilic M-N, sites (e.g. Mo-N,) could
simultaneously adsorb two oxygen species (*O*O-M-N,), allow-
ing one of the *O to be easily reduced; however, the *O-Mo-N,
site has a high energy barrier for subsequent protonation and
reduction of the *O, possibly limiting its ORR performance.?®
For Pt supported on the 5d/f metals, the E;,, of all Pt/M-N-C is
shifted to 0.9-0.91 V, with no reduced performance being
observed for these highly oxyphilic M-N, sites, of which all
have low metal loadings, highlighting the possible complex
relationship between the metal loading of the M-N-C and its
impact on the particle-support interactions.>® The third col-
umn of Fig. 4, comprised of Fig. 4c, f and i, summarizes the
ORR performance in terms of E,, for the M-N-C materials and
Pt/M-N-C catalyst systems, separated by 3d metal (Fig. 4c), 4d
metal (Fig. 4f) and 5d/f metal (Fig. 4i) supports.

Rotating ring disk electrode (RRDE) measurements were
conducted to evaluate the peroxide yield (H,0,%) in each of
the M-N-C supports and Pt/M-N-C catalysts systems as shown
in Fig. S8 (ESIT). All ring currents recorded during the ORR
measurements are individually plotted for each M-N-C and
Pt/M-N-C are given in Fig. S9-S11 (ESI}). While H,0, yields
vary significantly from 3-26%, no clear trend is observed
throughout the selected elements. However, the late 4d and
5d/f elements show high H,0, yields between 17-25%. Addi-
tionally, the M-N-C’s which show high H,0, yields generally
have reduced J;, (e.g:, Ni-, Mo-, Pd-, W-, Pt-, La- and Ce-N-C).
For the Pt/M-N-C catalyst systems, the range of H,0, yields is
largely suppressed, constrained between 1-3%. Demonstrating
the strong ability of the Pt nanoparticles to act as scavengers to
the corrosive peroxide by-product, enabling the synthesis of
ultra-low Pt loading on M-N-C systems to act as peroxide
scavengers.

To probe possible interactions between the M-N-C support
and Pt nanoparticles, and as a complementary technique to
determine the electrochemically active surface area (ECSA), CO
stripping experiments were performed between 0.1-1.23 V.
Fig. 5a-c shows baseline corrected CO oxidation peaks from
the CO stripping experiments for the Pt/M-N-C catalysts sepa-
rated by 3d metals (Fig. 5a), 4d metals (Fig. 5b) and 5d/f metals
(Fig. 5¢). In CO oxidation experiments, it is assumed that the
underlying M-N-C support is inactive. Furthermore, the Pt
nanoparticles come from the same batch and follow the same
loading during Pt/M-N-C synthesis. Therefore, changes in the
CO oxidation peaks are largely attributed to modifications in
the electronic structure of the Pt nanoparticles because of
interactions with the M-N-C support. From Fig. 5a-c a range
of interesting variations are observed in the shape (narrow/
broad) and position of the CO oxidation peak over the varying
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M-N-C supports. Fig. 5d plots the potential at the peak max-
imum against the peak onset potential. Peak onset is a function
of the activity of the active site towards CO oxidation and not
dependent on fluctuations in Pt loading that are unavoidable
during synthesis, and the potential at the peak maximum is
again independent from these fluctuations as the numerical
value of the current is not considered in this plot. From Fig. 5d,
the only clear outlier is Pt/Mo-N-C, having a clearly reduced
onset potential and peak position. This more drastic reduction
in CO oxidation potential could result from the significantly
larger metal loading in the Mo-N-C (ca. 5 wt%), having a larger
impact on the chemical state of the Pt nanoparticles. There is
no clearly observable trend among the other M-N-Cs, having a
peak maximum potential between 0.81-0.88 V and a peak onset
of 0.70-0.76 V, regardless of the class of the M-N, site (3d, 4d,
5d/f metal). Therefore, suggesting that the general CO oxidation
mechanism remains the same over the Pt/M-N-C catalysts,
with peak broadening or slight shifts in the onset potential
arising from interactions between the Pt nanoparticles and M-
N-C support. CO oxidation peaks for the reference Pt/XC72R
and Sigma (20 wt%) Pt/C catalysts are shown in Fig. S12 (ESIY),
where a peak maximum is observed at ca. 0.85 V and an onset
potential of ca. 0.70 V. Interestingly, the in house Pt/XC72R
catalyst shows a peak shoulder at 0.75 V, which is also observed
for several Pt/M-N-Cs (M = Mn, Cr, Ru, Pd, Pt and La), where a
clear shoulder at a lower potential is observed, suggesting the
presence of active sites where CO is more easily oxidized on the
Pt nanoparticle. While the exact potential at which the shoulder
is located shifts with different M-N, centers, this feature is
likely attributed to the morphology of the in-house Pt nano-
particles. These interactions with the M-N, site can alter the
electronic structure of the Pt nanoparticles, creating sites that
either promote or inhibit CO oxidation performance and enabling
catalyst tailorability. The ECSA for each Pt/M-N-C system was
determined by integrating the CO oxidation peak and converting
to surface area by a conversion factor of 420 uC cm 2. Fig. 5e
shows the ECSA determined through CO oxidation, where Pt/Fe-
N-C has the highest ECSA (104.8 m* g~ ), while the majority of
the Pt/M-N-C catalysts have ECSAs between ca. 50-70 m* g "
Additionally, hydrogen-underpotential deposition (HUPD) from
the CV (Fig. S13-515, ESIT) was also used to determine ECSA, as
shown in Fig. 5f, which yields a smaller ECSA compared to that
determined through CO oxidation, which is expected as CO
oxidation tends to overestimate, while HUPD underestimates the
ECSA.** HUPD is known to underestimate the ECSA of Pt catalyst,
especially Pt alloys or when the electronic structure of the Pt has
been modified. In this work, it is possible that the interactions
with the M-N, sites alters the Pt electronic structure, affecting the
adsorption energy of the H atoms, leading to further under-
estimation of the ECSA through HUPD. Where in the case of
Mo-N,, the Mo loading is significantly higher than the other
M-N-Cs (ca. 5 wt%), leading to more electronic interactions
with the Pt nanoparticles, perhaps resulting in the lowest ECSA
being observed through the HUPD technique (12.5 m> g~ *).**3*
Most of the Pt/M-N-C catalysts show an ECSAgypp between ca.
20-55 m”> g, lower than the standard Pt/C of 106 m> g~ .
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Interestingly, during the CV, the Pt/Mo-N-C exhibits an addi-
tional peak in both anodic and cathodic sweep (at ca. 0.3 V to
0.8 V), which was not observed in the Mo-N-C sample (without
Pt nanoparticles), but has been previously observed in Pt-Mo
catalysts and attributed to redox transitions of the Mo from the
Mo*" to Mo®" state, further evidencing a change in the chemical
nature of the Pt nanoparticles due to interactions with the
Mo-N, sites.>* 38

ORR activities

To evaluate the performance of the Pt/M-N-C systems, the mass
activities (M,) and specific activities (S,) utilizing the ECSAyypp,
were calculated as shown in Fig. 6. The M, is calculated via the
kinetic current calculated by the Koutecky-Levich equation and
the Pt mass loading on the working electrode, demonstrating the
catalytic ability of the Pt per unit mass. From Fig. 6a, Pt supported
by several 3d metal supports (Mn-, Fe- and Co-N-C) achieve a
competitive M, of ca. 220 A gy ', with Pt/Co-N-C achieving
the highest M, of 235 A gp, *. For the 4d, 5d and f metal
supports, only Pt/Rh-N-C achieves a similar M, of 230 A gp, .
These catalysts outcompete the in-house 20 wt% Pt/XC72R
(209.5 A gp,~ ") and are competitive with a 20 wt% Pt/C Sigma-
Aldrich standard (291.5 A gp '). The S, reveals the intrinsic
catalytic activity of the Pt per unit area. Interestingly, although
the Pt/M-N-C catalysts display a modest M, compared to the Pt
standards, the S, is significantly enhanced. The intrinsic activ-
ity of the Pt nanoparticles is significantly enhanced, possibly
due to the interactions of the M-N-C support over a typical
XC72R carbon support. From Fig. 6b although the Pt/N-C system
shows a reduced S, compared to the Pt/XC72R (256 pA cm ™) and
20 wt% Pt Sigma-Aldrich Pt/C (295 pA cm ) standards, the
introduction of a metal to the M-N-C, improving the particle-
support interactions, yields improved S,, regardless of the M-N,
site utilized in this work. Pt/Cr-N-C demonstrates the largest S
(ca. 670 pA cm ?) and improvement of nearly 2-3x over the
reference Pt/C catalysts. In general, the S, for Pt/M-N-C is quite
high in the range of ca. 400-600 pA cm™>. S, based on the ECSAco.
Oxidation are given in Fig. S16 (ESIt), where again the Pt/M-N-Cs
display an increased S, over the Pt/C standards, with Pt/Co-N-C
displaying the highest S (ECSAco-oxidation) Of €. 460 pA cm >
Although it’s been shown previously that a higher Pt loading
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typically lead to higher activities (when normalized to total Pt
weight), the target loading of this work was 10-20 wt% Pt to
prevent the total activity being dominated by the Pt at ultra-high
loadings (>40 wt%), while also preventing the deactivation of Pt
at ultra-low loadings (< 5 wt%). Ultimately, in this work, the active
M-N-C support enhances the intrinsic catalytic activity of the Pt
nanoparticles (over the reference materials), as evidenced by its
high S,. Although its reduced ECSA indicates fewer accessible
active sites, limiting its M,. The sites that are accessible possess
increased ORR activity, therefore the ECSA for the Pt/M-N-C
catalyst, a parameter which could be further optimized by tailor-
ing synthesis parameters, must be enhanced.

Catalyst durability under load-cycling and start-up/shut-down
protocols

The supporting carbon-based material is known to significantly
impact the catalyst durability, influenced by its physical and
chemical properties (i.e., carbon porosity, surface chemistry,
and degree of graphitization). Previous literature has hypothe-
sized that utilizing M-N-C materials as active supports
strengthens the nanoparticle-support and ionomer-support
interactions.'*'>?° Although the precise particle-support inter-
actions have not yet been elucidated, the atomically dispersed
M-N, sites are believed to have strong interactions with the Pt
nanoparticles (by altering the electronic structure, increasing
catalytic activity and stability within the support) and similarly,
the effect of a nitrogen doped support is believed to aid in the
anchoring of the ionomer.** Both effects may provide better
ionomer coverage of the Pt nanoparticles, while possibly
decreasing the nanoparticle diffusion and dissolution.

In this work, we evaluated the durability of 5 samples, the
Fe-N-C and Rh-N-C samples and the corresponding Pt loaded
samples, Pt/Fe-N-C and Pt/Rh-N-C, as well as the standard
Pt/C (Sigma-Aldrich). Durability measurements were performed
over two potential ranges. First, a more mild drive cycle proto-
col cycling between 0.6-1.0 V and a second harsher start-
up shut-down protocol cycling between 1.0-1.5 V, for up to
10000 cycles, as shown in Fig. 7a.

In the lower potential range of the drive cycle, the durability
of the Pt nanoparticle is impacted more than the carbon-based
support (although it should be noted that Pt-assisted carbon
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Fig. 6 ORR activity metrics for Pt supported on M—N-C's. (a) Mass activity at 0.9 V vs. RHE and (b) specific activity (ECSA from HUPD).
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Fig. 7 Catalyst stability tests in an RDE confirmation. (a) Protocols selected for stability testing. Stability testing evaluating half-wave potential of the initial

catalyst and after 5k and 10k cycles, of (b) bare Fe-N-C, (c) bare Rh—N-C,

(d) Sigma-Aldrich 20 wt% Pt standard, (e) Pt/Fe-N-C and (f) Pt/Rh—N-C.

Summary plots of (g) catalyst ECSA (determined through HUPD), (h) half-wave potentials and (i) mass activities. Where the top segment in all figures is for
the milder protocol cycling between 0.6 and 1.0 V, while the bottom segment is for the more aggressive protocol cycling between 1.0 and 1.5 V.

oxidation of the amorphous carbon can occur as well). The cata-
lyst LSV performance after 5000 and 10 000 cycles is evaluated
and for the drive cycle protocol, is presented in the top section
of each graph in the top half of Fig. 7b-f, and summarized in
top half of Fig. 7g-i. All five catalysts examined are relatively
stable, in terms of E;, and ECSA, with the Pt/Rh-N-C sample
showing a loss of 16 mV after 10k cycles. However, in terms of
M, loss, the Pt/C standard and Pt/Rh-N-C show significant
decreases of 16.3% and 31.1%, respectively. On the other hand,
the Pt/Fe-N-C catalyst shows an E;, loss of only 2 mV and a M,
loss of 4.3%, after 10k cycles. This result demonstrates that
not all Pt/M-N-C systems display the same durability, while
showing the robust nature of the Pt/Fe-N-C catalyst in the
0.6-1.0 V range.

Despite the robust nature of the Pt/M-N-C catalysts in the
lower potential range, in the high potential range, simulating a
start-up shut-down protocol, more significant degradation to
the E,/,, M, and ECSA is observed, as shown in bottom half of
Fig. 7b-f, and summarized in bottom half of Fig. 7g-i. This
higher potential region of 1.0-1.5 V can be experienced at
PEMFC cathodes through current reversal and typically induces
degradation to the carbon-based support (carbon corrosion).
Significant degradation is observed on the E;, for the Fe-N-C,
Rh-N-C and Pt/Rh-N-C catalysts, showing reductions of
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ca. 140 mV, 60 mV and 60 mV, respectively after 10k cycles.
Interestingly, for the Pt/Fe-N-C catalyst, only a slight reduction
of 26 mV is observed in the E;,, after 10k cycles, suggesting that
the interaction between the Fe-N-C and Pt nanoparticles helps
maintain the intrinsic catalytic activity of the Pt nanoparticles.
Significant losses are observed for both the Pt/Fe-N-C and
Pt/Rh-N-C after 10k cycles in terms of M,, showing reductions
of 32.7% and 69.2%, and in terms of ECSA with reductions of
85.6% and 73.1%, respectively. In contrast, the Pt/C standard
shows E,,, M, and ECSA losses of only 8 mV, 20.8% and 19.2%,
respectively. These durability results highlight a few main points.
First, after 10k of the harsher start-up shut-down cycles, although
an almost complete loss of ECSA (3.7 m* g™ after 10k cycles) is
observed for the Pt/Fe-N-C catalyst, the specific activity of the Pt
nanoparticles is extremely high (1800 pA cm™?) in contrast to the
Pt/C standard of (290 pA cm™?), after the 10k start-up shut-down
cycles, Fig. S17 (ESIt). The issue arises in the stability of the
carbon matrix of the Fe-N-C (more generally all of the M-N-Cs)
on which the Pt nanoparticles are supported. The more graphitic
carbon support of the Pt/C standard (as seen in Fig. 3) presents
better durability than the less graphitic (more amorphous) M-N-C
supports. This presents a clear target to improve for not only
more active Pt based catalysts, but also more durable catalysts, by
synthesizing M-N-C based supports with a larger graphic content.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Conclusions

In summary, we have synthesized a library of 14 atomically dis-
persed M-N-C catalysts, consisting of 3d, 4d, 5d and f metals,
as ORR catalysts and active supports for Pt nanoparticles,
Pt/M-N-C. Valence state analysis through XANES and XPS
demonstrate interactions between the M-N, site and Pt nano-
particles, where electron donation effects from the M-N, site,
reduce the Pt nanoparticle oxidation state. ORR testing revealed
that Fe-N-C and Rh-N-C are the most active M-N-Cs for the
ORR. When acting as an active support for the Pt nanoparticles
(ca. 20 wt%), the intrinsic catalytic activity of the Pt nano-
particles (in terms of S,) is significantly enhanced compared to
the Pt/C standards, with competitive M, values, particularly for
Pt/Fe-N-C and Pt/-Rh-N-C. CO stripping experiments revealed
the distinct interactions of the M-N-C supports with the Pt
nanoparticles (supported by XANES and XPS), leading to dis-
tortions in the CO oxidation peak shape and position. Such
interactions could be utilized to not only enhance anchoring of
the Pt nanoparticles into the M-N-C matrix, but also tailor
more favorable adsorption energies for reaction intermediates.
Durability testing revealed the robust nature of the Pt/M-N-C
catalysts in the lower potential (0.6-1.0 V) drive cycle protocol,
while suffering from degradation in the higher potential
(1.0-1.5 V) start-up shut-down protocol. The durability tests
revealed the extremely high specific activity of the Pt/Fe-N-C
catalyst over the Pt/C standard, but simultaneously highlighted
the importance of obtaining a M-N-C support with a higher
graphitic content, which can better resist carbon corrosion in
the higher potential regimes. This work presents a platform for
creating highly active hybrid Pt/M-N-C catalysts, showcasing
the variation in activity as one traverses the periodic table,
while highlighting important design criteria for highly active
and durable catalysts. To fully exploit the enhanced intrinsic
catalytic activity of Pt/M-N-C catalysts, future studies lever-
aging both computation and experiment are required to gain a
more fundamental understanding of the chemical interactions
of the M-N, sites and Pt nanoparticles.

Materials and methods

Chemicals

H,PtCls-6(H,0), NaOH, and ethylene glycol were purchased and
used as-received from Sigma-Aldrich and Fisher-Scientific.
HClO, was purchased from Sigma-Aldrich and used at the
correct dilution (0.1 M). Pure (99.9999% research grade) nitrogen
gas, pure (99.9999% research grade) oxygen gas, and 99.5% purity
carbon monoxide gas was purchased and used as-received from
Praxair. Nicarbazin (Sigma-Aldrich), CAB-O-SIL® LM-150 fumed
silica (Cabot), Aerosil® 0X-50 (Evonik), iron(u) nitrate nonahy-
drate (Sigma-Aldrich), chromium(m) acetylacetonate (Sigma-
Aldrich), manganese(un) nitrate tetrahydrate (Sigma-Aldrich),
cobalt(n) nitrate hexahydrate (Sigma-Aldrich), nickel(u) nitrate
hexahydrate (Sigma-Aldrich), copper(u) nitrate hemi pentahydrate
(Sigma-Aldrich), ammonium molybdate tetrahydrate (Sigma-
Aldrich), ruthenium(ur) nitrosylnitrate (Alfa Aesar), rhodium(ur)
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nitrate hydrate (Sigma-Aldrich), palladium(u) nitrate dihydrate
(Sigma-Aldrich), lanthanum(ur) nitrate hexahydrate (Alfa Aesar),
cerium(m) nitrate hexahydrate (Fisher Scientific), ammonium
paratungstate (Sigma-Aldrich) and tetraammineplatinum(u)
nitrate (Sigma-Aldrich).

Synthesis

Platinum nanoparticles. An aliquot (equivalent to 300 mg
of Pt metal content) of the aqueous chloroplatinic acid stock
solution was taken and dispersed in ethylene glycol. This
solution was further diluted in ethylene glycol to 30 mg of Pt
metal content per microwave heating vessel for a total of 10
heating vessels. 1 M NaOH was added dropwise to each vessel
and tested for pH until the value reached pH 10. The vessels
were sealed and heated in the microwave reactor (CEM MARS 6)
with a ramp time of 5 min to 180 °C and held for 20 min. The
vessels were allowed to cool to 50 °C before combining all vessel
solutions into a single stock flask. Afterwards, the pH of the
stock solution was adjusted to pH 3 to prevent further reduc-
tion by the dropwise addition of 1 M H,SO,.

M-N-C catalysts. The atomically dispersed M-N-C catalysts
were synthesized using the robust sacrificial support method
(SSM). The general procedure is as follows. First, 6.25 g of
nicarbazin, 1.25 g LM-150, 1.25 g OX-50, 0.5 g of Stober spheres
and a determined amount of metal salt precursor are added to
50 mL of water under magnetic stirring. The precursor slurry is
then sonicated for 30 min and then dried for 24 hours at 45 °C
under constant stirring. The mixture is then fully dried in an
oven at 45 °C for another 24 hours. Next, the dried precursor
mix is ball milled at 45 Hz for 1 hour. The milled powder is then
pyrolyzed for a first time (the conditions are as noted below).
Following the first pyrolysis, the catalyst is then ball milled
again for 1 hour before being placed in 15 M HF acid solution
for 72 hours to remove the silica template. Following the acid
wash, the catalyst is centrifuged and filtered until neutral pH
and then dried at 45 °C. The now etched catalyst is pyrolyzed for
a second time (the conditions are as noted below). Lastly, the
catalyst is ball milled a final time for 1 hour.

Synthesis of (Mn-, Fe-, Co-, Ni-, Cu-, Mo- and W-N-C)
catalysts. The synthesis of these materials follows the general
scheme above, with the first pyrolysis under a reductive H,/Ar
(7%/93%) atmosphere for 45 min at 975 °C (with a ramp rate of
15 °C min~"). The second pyrolysis is again under a reductive
NH3/N, (10%/90%) atmosphere for 45 min at 950 °C (ramp rate
of 20 °C min~"). The metal salt precursor loadings are Mn =
0.266 g, Fe = 0.60 g, Co = 0.272 g, Ni = 0.271 g, Cu = 0.345 g,
Mo = 0.262 g and W = 0.095 g.

Synthesis of Cr-N-C catalyst. The synthesis follows the
general procedure mentioned previously, with an adaptation
of the pyrolysis conditions to maintain an atomic dispersion of
the Cr sites. The first and second pyrolysis temperatures
are reduced to 650 °C. The metal salt precursor loading of
Cr=0.519 g.
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Synthesis of Ru-N-C and Pt-N-C catalyst. The synthesis
follows the general procedure mentioned previously, with an
adaptation of the pyrolysis conditions to maintain an atomic
dispersion of the Ru sites. The pyrolysis temperatures are
reduced to 650 °C and both pyrolysis steps are performed in
an inert Ar atmosphere. The metal salt precursor loading of
Ru = 0.235 g and Pt = 0.072 g.

Synthesis of Rh and Pd-N-C catalysts. The synthesis follows
the general procedure mentioned previously, with an
adaptation of the pyrolysis conditions to maintain an atomic
dispersion of the Rh and Pd sites. The pyrolysis is performed at
the high temperature of 975 °C and 950 °C for the first and
second pyrolysis, respectively. However, both pyrolysis steps are
performed in an inert Ar atmosphere. The metal salt precursor
loadings are Rh = 0.215 g and Pd = 0.198 g.

Synthesis of La and Ce-N-C catalysts. The synthesis follows
the general procedure mentioned previously, with an adap-
tation of the pyrolysis and etching conditions to maintain an
atomic dispersion of the La and Ce sites. The pyrolysis
temperatures are reduced to 650 °C and both pyrolysis steps
are performed in an inert Ar atmosphere. To prevent the
formation of LaF; and CeFs3, the etching of the silica template
is done in a 4 M NaOH environment at 80 °C for 4 days. The
metal salt precursor loadings are La = 0.060 g and Ce = 0.061 g.

Pt supported on M-N-C hybrid catalysts. Aliquots of the Pt
stock solution were used in the deposition of Pt onto the
M-N-C materials by combining the stock solution with the
M-N-C materials powder in a 50/50 blend of water/ethylene
glycol. The mixture was stirred for 24 hours prior to vacuum
filtration and subsequent drying in an oven at 60 °C. The
resulting powder was ground using an agate pestle and mortar
and used as prepared for materials characterizations and
catalyst ink preparation. The Pt amount was adjusted to achieve
a ca. 20 wt% Pt loading on the M-N-C, N-C and XC72R
supports.

Materials characterizations

X-ray diffraction (XRD). Powder XRD patterns were taken on
a Rigaku Ultima III X-ray diffractometer using a scan speed of
2° min~" from 5° to 90°. The XRD wavelength was 1.5404 A.

Scanning electron microscopy (SEM). SEM micrographs
were taken on an FEI Magellan 400 XHR SEM microscope with
an accelerating voltage of 20 kV and emission current of 50 pA.

Aberration-corrected scanning transmission electron micro-
scopy (AC-STEM). AC-STEM images and energy dispersive X-ray
spectroscopy (EDS) elemental maps were obtained used a JEOL
ARM300CF microscope at an acerating voltage of 300 kV.

X-ray photoelectron spectroscopy (XPS). XPS spectra were
taken using a Kratos AXIS Supra spectrometer with a mono-
chromatic Al K-alpha source. All XPS data was fit using the
CasaXPS software. A 70% Gaussian/30% Lorentzian parameter
was set for the fittings.

Raman spectroscopy. The Raman spectra were obtained on a
Horiba LabRAM HR Evolution confocal Raman microscope
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with 633 nm laser and 600 ¢ mm™"' grating. 100x objective
was applied. Ten individual 20 s spectra were accumulated.
CasaXPS software was used to do the fitting based on the
previous publications.

Brunauer-Emmett-Teller (BET) analysis. A Micromeritics
3Flex Analyzer at 77 K was used to obtain the N, physisorp-
tion measurements, utilizing a low-pressure dose mode (5 cm® g™ ).
The Brunauer-Emmett-Teller (BET) method and Barret-Joyner—
Halenda model (BJH) were used to quantify the surface area and
pore size distribution, respectively.

Inductively coupled plasma-mass spectrometry (ICP-MS).
To accurately quantify the low metal content in the atomically
dispersed M-N-C supports, ICP-MS was performed using an
Aligent 5510 system.

Electrochemical characterizations. All electrochemical char-
acterization was completed in glassware made by Adams &
Chittenden in 0.1 M HCIO, aqueous electrolyte. The working
electrode (WE) used was a PTFE separated and lined glassy
carbon disc with platinum ring. The counter electrode (CE)
used was a carbon rod and the reference electrode (RE) used
was an RHE (Gaskatel). Tests were completed using a Pine
Research rotator and either Bio-Logic or Gamry potentiostats.
Catalyst inks were air-dried after deposition onto the glassy
carbon portion of the working electrodes with loadings of
360 pg cm > for M-N-C materials and 40 pgp, cm™ > for the
hybrid Pt/M-N-C catalysts.

Oxygen reduction reaction activity. Pure nitrogen gas was
purged for 600 s prior to the start of all electrochemical tests.
The working electrode was then submerged in the electrolyte
without rotation and the EIS, activation CVs (500 mV s~* from
0.1 V to 1.23 V), and slow scan CVs (20 mV s~ ' from 0.1 V to
1.23 V) were recorded. The rotation speed was changed to
1600 rpm and the working electrode disc and ring LSVs were
recorded (5 mV s~ from 0.05 V to 1.05 V). Then the electrolyte
was bubbled with pure oxygen gas for 300 s before recording
the disc and ring LSVs in the same window and scan speeds.
ECSA from hydrogen underpotential deposition was deter-
mined from the CV scans under a N, atmosphere with no
rotation. The CV curves were integrated between 0.05-0.40 V vs.
RHE (where the current density reaches the capacitive current
steady state). The ECSA was determined using eqn (1).

ECSA, m?g™!

(Hdesorptionpeak area, AV) (1)
(210 pC cmp;—2)(scan rate, Vs—1)(total Pt mass, g)

Oxygen reduction reaction stability. Stability of the catalyst
samples was checked by comparing the activities from the
CVs and LSVs at 0 cycles (fresh), 5000 cycles (half-aged), and
10000 cycles (fully aged) in two potential ranges at room
temperature (25 °C). At each stage, the N, CVs, N, LSVs, and
0O, LSVs were recorded as referenced in the previous section for
ORR activity. The first potential cycling range was defined as
the load-cycling or operational protocol in which the work-

ing electrode was cycled from 0.6 V to 1.0 V at 50 mV s .

© 2024 The Author(s). Published by the Royal Society of Chemistry
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The second potential cycling range was defined at the start-up
and shut-down protocol in which the working electrode was
cycled from 1.0 V to 1.5 V at 100 mV s~ ..

Carbon monoxide oxidation. Catalysts first underwent an
initial 100 cycles of activation CVs (500 mV s~ ' from 0.1 V to
1.23 V). The CO gas was then introduced to the electrolyte by
light bubbling while applying 0.1 V to the WE for 180 s. The
electrolyte was then purged for 600 s with pure nitrogen gas to
remove excess CO gas. CVs were then run for 3 cycles (20 mV s '
from 0.1 V to 1.23 V) to obtain the CO stripping curve and the
subsequent N, CV curve.

Hydrogen peroxide yield and collection efficiency. The total
peroxide yield (Xy,0,) was collected by RRDE and calculated
using the ring current (Iing), disc current (Igis), and collection

efficiency (C.E.) of the working electrode by eqn (2):**>

(2% Ling)j . x 100 % @

Lyise + <1ri"g/C.E.>

The collection efficiency was separately determined by RRDE
using a ferri/ferro-cyanide redox couple and calculated simply
using the measured ring and disc limiting current values

(eqn (3):

XHzOz =

CE.= g (3)
Lisc

Briefly, the collection efficiency experiments were set up by
using the RRDE working electrode tip deposited with either
Fe-N-C or Pt/Fe-N-C as the standardized catalysts and a
deaerated electrolyte of 0.1 M NaOH with 10 mM K;Fe(CN),
(a standard compound used for this purpose). The potential is
swept from 0.2 V to 1.6 Vvs. RHE at 5 mV s~ " and the efficiency
is calculated at 0.4 V vs. RHE. During this linear sweep
voltammetry, [Fe(CN)g]'~ is produced at the disk electrode
which is oxidized to [Fe(CN)s]>~ at the ring electrode with
insignificant contributions from other reactions. For added
accuracy, these experiments were performed on both catalyst
samples (Fe-N-C and Pt/Fe-N-C) on two different RRDE work-
ing electrodes and the rotation speed of 100 rpm was used for
the calculation purposes (due to the curve reaching a constant,
well defined limiting current for both the disk and the ring).
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