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SUMMARY

Innovation of catalyst structure is extremely important to develop the high-per-
formance electrocatalysts for oxygen-reduction reaction (ORR). Herein, nitro-
gen-doped carbon semi-tube (N-CST) is used as a functional support for stabiliz-
ing the microwave-reduced Pt nanoparticles with an average size of ~2.8 nm to
synthesize the semi-tubular Pt/N-CST catalyst. The contribution of interfacial
Pt-N bond between N-CST support and Pt nanoparticles with electrons transfer
from N-CST support to Pt nanoparticles is found by electron paramagnetic reso-
nance (EPR) and X-ray absorption fine structure (XAFS) spectroscopy. This
bridged Pt-N coordination can simultaneously help ORR electrocatalysis and pro-
mote electrochemical stability. As a result, the innovative Pt/N-CST catalyst ex-
hibits excellent catalytic performance, realizing ORR activity and electrochemical
stability superior to the commercial Pt/C catalyst. Furthermore, density func-
tional theoretical (DFT) calculations suggest that the interfacial Pt-N-C site with
unique affinity of O* + OH* can provide new active routes for the enhanced
electrocatalytic ORR capacity.

INTRODUCTION

Hydrogen-fed proton exchange membrane fuel cells (PEMFCs) with advantages of high energy
conversion efficiency, high energy/power densities, and environmental friendliness have been recog-
nized as the next-generation energy conversion systems for electric vehicles.! However, their large-scale
commercial applications are still in the stage of technology validation and demonstration. Some
challenges are still needed to be overcome, including insufficient performance and reliability, high-price,
and insufficient hydrogen fuel filling stations. One of the factors limiting the performance is insufficient
electrocatalytic performance of catalysts, especially that of kinetically sluggish oxygen reduction reaction
(ORR) at the PEMFC cathode due to the difficult activation/cleavage of O=0 bond of oxygen.’
Therefore, it is of great importance to develop high-performance catalysts for the ORR.*’
Currently, carbon black supported Pt nanoparticles (Pt/C) are still one type of the most practical
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Figure 1. Schematic illustration for the preparation of Pt/N-CST catalyst

Although carbon-based materials have some shortcomings when used as the supports of Pt-based ORR
catalysts, their important roles in achieving practical catalytic performance are obvious due to their high
conductivity, large surface area, reasonable pore structure, and mechanical property.”® Based on our pre-
vious explorations for carbon morphology,***° this work employs a facile microwave reduction method for
synthesizing the semi-tubular Pt-based catalyst. The synthesized N-doped carbon semi-tube (N-CST) sup-
port shows strong interaction and anchoring ability with Pt nanoparticles to form high-performance Pt/N-
CST catalyst. As a semi-tubular nanostructure, N-CST can possess high specific surface areas, large pore
volumes, abundant reaction sites, and gas diffusion channels. Moreover, N-doping can not only provide
additional active sites for enhanced catalytic capability but also endow a strong Pt-support interaction
for reinforced catalyst stability. An electron donation process can occur via the transfer of electrons from
electron-rich N atoms to Pt nanoparticles. As a result, this unique semi-tubular carbon-supported catalyst
exhibits superior ORR activity and stability than those of the commercial Pt/C catalyst.

RESULTS
Materials preparation and characterizations

The synthetic route of Pt/N-CST catalyst is illustrated in Figure 1. Typically, N-CST support can be first pre-
pared through a combined polymerization-pyrolysis method as described in our previous studies.>** In
the polymerization process, the self-assembled one-dimensional micelle of cetyl trimethyl ammonium bro-
mide (CTAB) dissolving in the water is acted as the soft-template, and the m-phenylenediamine (mPDA)
molecules are used as the N and C sources. Once adding ammonium persulfates (APS), polymerization
will occur in acidic condition for growing the CST which is pyrolyzed to obtain N-CST. Figure S1 shows
the SEM images of CST and N-CST. As can be seen from Figure S1A, CST has a unique semi-tubular
morphology of ~100 nm in diameter. After carbonization, the as-prepared N-CST can still keep the
semi-tube structure well but shrink in size with an average diameter of ~70 nm (Figure S1B). Furthermore,
N3 adsorption-desorption isotherm (Figure S2A) demonstrates that N-CST has a higher Brunauer-Emmett-
Teller (BET) surface area of 1344.58 m? g’1 than that (~250 m? g’1) of commercial Vulcan XC-72R carbon
black.>® Pore size distribution obtained by Barrett-Joiner-Halenda (BJH) method shows that there are
abundant pore structures (Inset of Figure S2A). From X-Ray photoelectron spectroscopy (XPS) spectrum
(Figure S2B) of N-CST support, three characteristic peaks of C, N, and O can be seen. The N-doping con-
tentin N-CST support is about 4.0 at%. As a catalyst support, the N-CST possesses large BET surface area,
abundant pore structures, and high N-doping content, which can play key roles in high dispersion of Pt
nanoparticles (NPs) and the strong interaction between Pt NPs and N-CST support. The synthesis of Pt
NPs is done through microwave reduction of H,PtClg-6H,0 in alkaline ethylene glycol (EG) for the colloidal
Pt NPs dispersion,”’ followed by purification with 1 M HCl solution. Further mixing Pt NPs suspension with
N-CST support in ethanol, the expected Pt/N-CST catalyst can be obtained.

From the SEM image in Figure S3A, Pt/N-CST catalyst exhibits the intact semi-tubular morphology with the

same as that of N-CST. Furthermore, the corresponding energy-dispersive X-ray spectroscopy (EDS) result
(Figure S3B) provides the content of Pt in Pt/N-CST is 20.17 wt %. As shown in Figures 2A and S4, TEM
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Figure 2. Morphology characterizations of Pt/N-CST catalyst
(A-C) TEM (A), HRTEM (B), and HAADF-STEM and the corresponding elemental mapping images of C, Pt, N (C).

images of the as-prepared Pt/N-CST catalyst show that Pt NPs are uniformly dispersed on the surface of
N-CST support. The average diameter of Pt NPs is around 2.8 nm (Inset of Figure S4), slightly less than
that of the commercial Pt/C catalyst (~3 nm). According to the HRTEM image (Figure 2B), the lattice fringe
spaces of 0.234 nm, 0.140 nm, and 0.197 nm are respectively corresponding to the (111), (220), and (200)
planes of Pt, which are well consistent with the electron diffraction pattern (Inset of Figure 2B). From the
HAADF-STEM and elemental mapping images of Pt/N-CST catalyst (Figure 2C), the homogeneous distri-
bution of C, Pt, and N can be observed.

Furthermore, Figure 3A shows XRD patterns of the as-prepared Pt/N-CST and commercial Pt/C catalyst.
Their characteristic diffraction peaks are similar, originated from both carbon support, and face-centered
cubic Pt crystal phase (JCPDS No.87-0636). Typically, the broad peak at approximately 24.55° can be as-
signed to the C(002) diffraction of the carbon supports, while the diffraction peaks located at 26 =
39.48°,45.80°, 67.37°, and 81.28° are indexed to the (111), (200), (220), and (311) planes of Pt crystal, respec-
tively. In order to study the composition and valence of elements in Pt/N-CST and Pt/C catalysts, the XPS
tests were also carried out, as shown in Figure S5. It can be seen that there are three characteristic peaks of
Pt, C, and O. Figure 3B shows high-resolution Pt 4f spectra of Pt/N-CST and Pt/C, which show two typical Pt
4fs,, and Pt 4f;,, peaks. These characteristic peaks can be divided into three paired Pt®, Pt?*, and Pt**.2%37
Compared with Pt/C, there is a negative shift (~0.3 eV) of Pt 4f binding energy for Pt/N-CST. The proportion
of Pt% in Pt/N-CST is 58% which is higher than that of 48% in Pt/C. Moreover, Figure S6 exhibits the
high-resolution O 1s spectrum of Pt/N-CST which can be deconvolved into four characteristic peaks of ox-
ygen-containing species, respectively corresponding to the Pt-O (531.5 eV), -C=0/C-OH (532.6 eV),
-COOH (533.9 eV), and C-O-N (534.7 eV) structures.’*™"”

In addition, the signal of N can be found in Pt/N-CST when compared to Pt/C because of N-doping in the
N-CST support. Notably, the high-resolution N 1s XPS spectrum of Pt/N-CST (Figure 3C) can be well
divided into five peaks. Not only the pyridinic-N (398.3 eV, 11.7%), pyrrolic-N (400.2 eV, 21.7%),
graphitic-N (401.1 eV, 36.4%), and oxidized-N (402.6 eV, 21.1%), but also a typical Pt-N bond (399.2 eV,
9.1%) can be observed, suggesting a strong interaction between N-doped support and Pt.**** In order
to further demonstrate the formation of Pt-N bond, the electron paramagnetic resonance (EPR) analysis
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Figure 3. Structure and composition analysis of the materials

(A and B) XRD patterns (A) and high-resolution Pt 4f XPS spectra (B) of Pt/N-CST and Pt/C.
(C) High-resolution N 1s XPS spectrum of Pt/N-CST.

(D) EPR spectra of Pt/N-CST and N-CST.
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(E-G) Pt L3-edge XANES spectra (E), the ks-weighted y(k)-function of the EXAFS spectra (F) and the wavelet transform of Pt L3-edge EXAFS data (G) for PtO,,

Pt foil, Pt/C and Pt/N-CST.

was also carried out at room temperature (Figure 3D). The results show that the signal of Pt/N-CST is signif-
icantly reduced relative to that of N-CST. This is because a large amount of Pt NPs loaded on N-doped car-
bon support can cause a rapid relaxation of conduction electrons. This phenomenon may be attributed to
the shift in the ground state electron cloud from N-CST support to Pt NPs through the interfacial Pt-N co-
valent attachment, induced by the stronger electron-withdrawing ability of these Pt NPs than the N-CST
support.*>4

X-Ray absorption fine structure (XAFS) spectroscopy has been further employed to investigate the coordi-
nation environment and local electronic structure of Pt/N-CST and the obtained Pt L3-edge X-ray absorp-
tion near edge structure (XANES) are shown in Figure 3E. It can be obviously seen that the absorption
edges of Pt/N-CST and Pt/C are located between Pt foil and PtO,. The white line (WL) intensity reflects
the valence state of Pt. This result suggests that the Pt valence state of the two carbon-supported Pt cat-
alysts should have fewer positive charges than PtO, but more than Pt foil. Also, the lower WL intensity of Pt/
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Table 1. EXAFS fitting parameters at the Pt L3-edge for various samples (S,2=0.86)

Sample Path N° R (AP o? (A%)° AE, (eV)® R factor
Pt foil Pt-Pt 12.0 2.76 0.0046 7.52 0.0057
PtO, Pt-O 6.00 2.01 0.0032 11.22 0.0118
Pt/C Pt-O 2.18 2.00 0.0065 1.19 0.0058
Pt-Pt 7.06 2.75 0.0066 7.59
Pt/N-CST Pt-N 1.04 1.89 0.0081 8.89 0.0093
Pt-O 2.38 1.99 0.0077 5.08
Pt-Pt 4.41 2.74 0.0091 1.98

R factor indicates the goodness of the fit.

According to the experimental EXAFS fit of Pt foil by fixing N as the known crystallographic value.
2N, coordination number.

PR, distance between absorber and backscatter atoms.

a?, Debye-Waller factor to account for both thermal and structural disorders.

9AEy, inner potential correction.

N-CST than Pt/C indicates the high proportion of Pt° in Pt/N-CST, consistent with the above XPS results
(Figure 3B). This result confirms that N-doping can prohibit the oxidation of Pt.*/ Furthermore, Figure 3F
shows the fourier transformed extended X-ray absorption fine structure (EXAFS) spectra of Pt Ls-edge
and the fitted results are shown in Figure S7. The corresponding fitting values of the structural parameters
are listed in Table 1. For Pt/N-CST and Pt/C, the main peak at about 2.6 A corresponds to the metallic Pt-Pt
contribution, similar to the spectral distribution of Pt foil. The main Pt-O coordination can be found in com-
mercial Pt/C at 1.5 A. In addition to Pt-O contribution, there is a typical Pt-N bond in Pt/N-CST. As shown in
Table 1, the average coordination number of Pt-N in Pt/N-CST is 1.04, which provides a direct evidence for
the connection and bonding of Pt NPs with N-sites in carbon support. The wavelet transform spectra in Fig-
ure 3G show that there are two obvious intensities of Pt-Pt and Pt-O coordination in Pt/C. Although, an
additional intensity contribution of Pt-N coordination can be found in Pt/N-CST. This is well in line with
the corresponding curve fitting results.

Electrocatalytic ORR performances

In order to obtain the optimal Pt/N-CST catalyst, the effects of microwave power (Figure S8), temperature
(Figure S9), and time (Figure S10) on the electrochemical behavior of catalyst prepared by microwave
reactor were studied. The results show that the best ORR activity can be achieved when the microwave po-
wer of 160 W, temperature of 160 °C and time of 2 min are set. Moreover, the parameters about the con-
centrations of NaOH (Figure S11) and H,PtCl, (Figure S12) have also been adjusted. As a result, 0.4 M of
NaOH and 38.6 mM of H,PtClg are the most suitable values. In addition, the order of adding carbon support
in the catalyst synthesis process has also a great influence on Pt NPs dispersion behavior and electrochem-
ical performance of the obtained catalysts. Taking the commercial Vulcan XC-72R carbon black as an
example, if adding carbon support into the HCl-contained Pt NPs suspension before water washing, these
Pt NPs with size of ~2.8 nm can have a good dispersion on the carbon support (Figure S13A). However, if
carbon support is added after the beforehand water washing step, the Pt NPs will have severe aggregation
(Figure S13B). Furthermore, the microwave-synthesized Pt/XC-72R catalyst obtained by adding carbon
support before water washing has a larger cyclic voltammogram (CV) area and higher catalytic ORR activity
with a half-wave potential (Ey/,) of ~0.88 V (Figures S13C and S13D). This observation suggests that the HCI
molecules can play a very important role in preventing Pt NPs from aggregating.*®

Electrocatalytic performance of the optimal Pt/N-CST catalyst was investigated in 0.1 M perchloric acid
(HCIOy) solution using commercial Pt/C catalyst as baseline. According to the CV curves (Figure 4A), the
larger electrical double-layer of Pt/N-CST than that of Pt/C can be ascribed to the high BET surface area
of N-CST support (Figure S2A). The initial specific electrochemical active surface areas (ECSAs) can be
calculated by integrating the charges collected in the H adsorption region (0.02-0.4 V) after double-layer
correction with an assumption for H monolayer adsorption value of 210 uC cm™2. The ECSA of Pt/N-CST is
84.28 m? gpy ', which is higher than that of the Pt/C (78.6 m? gp, ). The larger ECSA value of Pt/N-CST may
be due to the smaller size of Pt NPs with evenly dispersion on N-CST support. Figure 4B shows that the E;,
occurs at ~0.89 V for the as-prepared Pt/N-CST catalyst, superior about 20 mV to that of the commercial
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Figure 4. Electrochemical performance of Pt/N-CST and Pt/C catalysts

(A and B) CV (A), and ORR polarization curves and the corresponding Tafel plots and slopes (B) before (solid) and after
(dotted) accelerated durability test (ADT).

(C and D) Mass activity (C) and specific activity (D) evolutions.

(E and F) TEM images of Pt/N-CST (E) and Pt/C (F) after ADT.

Pt/C catalyst (~0.87 V). By further comparison with other previously reported N-functional carbon-sup-
ported Pt-based catalysts, this characteristic Pt/N-CST exhibits the comparable catalytic performance
with these excellent ORR catalysts (Table S1). Tafel slope of Pt/N-CST is 60 mV dec™", lower than that of
Pt/C (69 mV dec™), indicating that Pt/N-CST has a faster ORR kinetics than Pt/C (Inset of Figure 4B). By
using the Koutecky-Levich equation (Equation 1), the kinetic currents at 0.9 V can be extracted, which
are 0.858 and 0.558 mA for Pt/N-CST and Pt/C, respectively. Subsequently, Figures 4C and 4D provide
mass activity (MA) of 0.143 A mgpt_1 and specific activity (SA) of 0.169 mA cm~? for Pt/N-CST, which are
respectively ~1.5 and ~1.4 times higher than those of Pt/C (0.093 A mgp, ' and 0.118 mA cm~?), suggesting
the improved activity due to the unique N-CST support.

To further understand the enhanced superior electrocatalytic capacity of Pt/N-CST catalyst, the electro-
chemical impedance spectroscopy (EIS) tests were carried out. The corresponding Nyquist plots of two
Pt/N-CST and Pt/C catalysts are shown in Figure S14. Owing to the same electrochemical test system, there
is a similar electrolyte solution resistance (Rs) of ~1.2 Q. The diameter of Nyquist semicircle is positively
correlated with the charge-transfer resistance (R) of oxygen reduction process from O, to H,Q.""*" The
typical R values are about 26.7 and 29.7 Q for the Pt/N-CST and Pt/C coated electrodes, respectively.
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As well known, the fast charge and ion transfer is important for a good electrocatalyst. Therefore, the semi-
tubular Pt/N-CST catalyst can be able to provide the improved ORR electrocatalysis compared with the
granular Pt/C catalyst, which might be benefited from one-dimensional highly open structure and
N-doping of semi-tubular morphology. Furthermore, we investigated the ORR capacity of two supports
in acidic and alkaline electrolytes (Figure S15). As shown in Figure S15A, XC-72R is inactive for ORR but
N-CST shows an Ej/, of ~0.67 V in 0.1 M HCIO4 solution. When exploring in 0.1 M potassium hydroxide
(KOH) solution (Figure S15B), N-CST can provide the E;,, of 0.855 V. As a result, the E;/, of prepared Pt/
N-CST can reach to 0.904 V, which still exhibits higher catalytic ORR capacity than commercial Pt/C
(0.876 V).

The electrochemical stability of catalysts has been evaluated by the accelerated durability test (ADT)
through a continuous 10,000 potential cycles between 0.6 and 1.1 V in an O,-saturated 0.1 M HCIO, solu-
tion. As shown in Figure 4A, the ECSA of Pt/N-CST catalyst after ADT is attenuated by 19.7% to reach
67.62m? gp, !, but that of Pt/C catalyst decreases to 42.8 m? gpy . Also, the E;» decline of Pt/N-CST cata-
lyst is only 9 mV, whereas it is 28 mV for Pt/C catalyst (Figure 4B). Furthermore, the MA and SA of Pt/N-CST
catalyst drop by 23.8% and 5%, respectively (Figures 4C and 4D). Comparatively, Pt/C catalyst shows much
larger losses in MA (55.9%) and SA (18.7%). The above results show that the well-designed Pt/N-CST cata-
lyst has a superior stability than the commercial Pt/C catalyst. After electrochemical stability tests, TEM
analysis of the two catalysts was performed to check the morphological characteristics, structure, and par-
ticle size. As shown in Figure 4E, the morphology of Pt/N-CST catalyst is basically tenable, in which Pt NPs
can maintain a uniform dispersion on the N-CST support although the average size becomes slightly larger
(~3.5 nm). However, in the commercial Pt/C catalyst, the Pt NPs agglomerate seriously and the average
particle size increases to ~5.5 nm in diameter (Figure 4F). Moreover, the structure and composition of
Pt/N-CST catalyst after ADT were further characterized by XRD and XPS. Figure S16A shows the XRD
pattern with an increased intensity of main Pt (111) peak, which is caused by the slightly enlarged Pt
NPs. As shown in Figure S16B, the Pt 4f result indicates a slight increase of Pt oxidation (44%) compared
with the initial one (42%) from Figure 3B. As can be seen from N 1s XPS spectrum in Figure S16C, it remains
the five typical N-species but with an obviously increased oxidized-N proportion (31.4%). The O 1s XPS
spectrum in Figure S16D suggests that the electrochemical oxidation should mainly occur on the surface
of carbon support from the obvious increase of -COOH proportion.

The above results suggest that the ORR performance enhancement in both catalytic activity and electro-
chemical stability for Pt/N-CST catalyst should be due to the N-doped semi-tubular support. For the
improved catalytic activity, N-doping can create the additional ORR active sites like the high-efficiency pyr-
idinic-N-C (carbon atoms next to pyridinic-N) and can also enhance the adsorption of oxygen and improve
the conductivity of support.”’>* Moreover, the covalent Pt-N bond at the interface of Pt NPs and N-CST sup-
port may act as the intermediate bridge of fast electron transfer and new ORR active site. For the enhanced
electrochemical stability, there might be a possible reason that the uniform and sturdy insertion of such
slightly smaller Pt NPs into the surface of carbon support with abundant pore structures.”* More importantly,
the deposition of Pt NPs on N-doped carbon support can make the formation of Pt-N bond, which results in
more tenacious coordination of Pt NPs with N-CST support, thus enhancing the stability.”>™>’

Theoretical calculations and mechanism exploration

First-principles density functional theoretical (DFT) calculations were also carried out to discuss the origin
of the excellent ORR performance of Pt/N-CST catalyst. An ab initial molecular dynamics (AIMD) based an-
nealing simulation to anchor an optimized Pt cluster onto an N-doped graphene was first executed. The
constructed structure is shown in Figure 5A. This structure can generate three kinds of sites, namely, Pt
site, N-C site, and Pt-N-C site in their interface. They are marked by orange, blue and green dashed frame-
works in Figure 5A. And 3, 9, and 7 sites on the three kinds of surfaces were randomly sampled, respectively.
Then the catalytic ORR by computational hydrogen electrode (CHE) method on these sites was calculated
with the results plotted in Figure 5B.%° The surfaces from the corresponding kinds of sites are marked by the
same colors as those in Figure 5A. The associated individual free energy diagram (FED) and reaction inter-
mediates are listed in Figures S17-521. To analyze the ORR activity, a free-migration of adsorbate among
the energy levels was assumed. As shown in the scheme of Figure 5C, there might be a possibility that re-
action could take place firstly in N-C site, and then transfer to Pt site and Pt-N-C site to complete the whole
reaction route. This massively happens in complex systems. By this free-migration assumption, the steps
thathave AGax <0 (i.e., all the steps are turned exothermal) are plotted by dashed black lines. Those steps
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(A) The simulation model of Pt cluster onto N-doped graphene. Three kinds of sites are marked by three colors.

(B) The collected free-energy diagram (FED) of ORR on the possible sites. Black dashed lines indicate the step with AG,,.x <0. The main adsorbates are used
as the mark of the horizontal axis. Notice that the second adsorbate of the ORR process can either be OOH* (R1a— R2a) or O*+OH* (R1b — R2b).

(C) Scheme of free-migration assumption of the adsorbate among phases.

(D) The optimized active structures of OOH*/O*+OH*, O*, and OH*.

are the active routes that are responsible for the good ORR activity. The associated structures are listed in
Figure 5D. It can be found that most active routes are consisted of the interfacial Pt-N-C site and Pt site,
while those of N-C sites bind ORR intermediates weakly. Compared with Pt-N-C and Pt sites, Pt site can
be alone as active site for ORR. The existence of Pt-N-C site can act as an important supplement of the
Pt site, where all of the sites provide the optimized OOH adsorption sites (here the “OOH" means an in-
termediate step of ORR). The most of the Pt-N-C site binds optimally to O*, with only one site binds too
weak for O*. However, the O* site from Pt-N-C site cannot provide unique route such as that from
OOH?*. Therefore, the role of Pt-N-C site can be interpreted as that it provides important additional
OOH* adsorption type for ORR, which improves the ORR activity.

Itis important to note that the energy distribution of OOH*/O*+OH* on Pt site is discontinuous, as marked
in Figure 5B. If the optimal structures listed in Figures S17 and S18 are further analyzed, the cause of such a
discontinuity should be due to the creaking of O-OH bond. Those cracked O-OH binds result in a stronger
adsorption. The structures that are located above the discontinuity region all possess an unbroken OOH*.
This discontinuity is the very reason that some supplementary Pt-N-C sites for filling in this discontinuity is
demanded. Moreover, the Pt-N-C sites are all with the cracked O-OH bonds, which have a weaker adsorp-
tion energy compared to the same Pt sites with O-OH broken bonds. This weaker adsorption energy is also
seen in the adsorption of O* and OH*. This suggests that the presence of Pt-N-C site can weaken the reac-
tivity of Pt site. So to recap, the interfacial Pt-N-C site with unique affinity of O* + OH* can provide new
active routes for ORR, thus making an enhanced catalytic ORR activity.

DISCUSSION

In summary, a characteristic support of N-doped carbon semi-tube (N-CST) has been successfully synthesized
for the microwave reduction produced Pt nanoparticles to produce a Pt/N-CST catalyst. From the perspective
of catalyst structure, the constructed Pt/N-CST can achieve a characteristic morphology with about 2.8 nm of Pt
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nanoparticles uniformly deposited on the surface of N-CST support. Combining the experimental results of
XPS, EPR, and XAFS tests with DFT calculations, a typical contribution of interfacial Pt-N coordination in Pt/
N-CST catalyst for ORR is identified. Compared with the traditional Pt/C catalyst, the electronic transfer
from N-CST support to Pt NPs can make a high proportion of metallic Pt in Pt/N-CST. The N-CST support
can make the Pt-based catalyst manifold active sites, strong metal-support interaction, and sufficient mass
transport, all of which together promote the catalytic ORR performances. As a result, the semi-tubular Pt/N-
CST catalyst shows superior catalytic ORR activity with ~20 mV positive shift in half-wave potential than that
of the commercial Pt/C catalyst and outstanding durability over 10,000 potential cycles.

Limitations of the study

The semi-tubular catalyst is presented hoping to arouse wide interests for researchers in the fields of elec-
trocatalysts, electrocatalysis, fuel cells, and so on. However, this study about the unique catalyst structure is
just starting. More efforts should be done to design high-performance catalysts of Pt-based and non-
precious metal by the further optimization of carbon semi-tube. Also, engineering more advanced semi-
tubular electrocatalysts to achieve the real application in fuel cells remains a great challenge.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER
Chemicals, peptides, and recombinant proteins
H,PtClg-6H,0O Titan 18497-13-7
XC-72R Cabot 1333-86-4
Ethylene glycol Sinopharm 107-21-1
NaOH Sinopharm 1310-73-2
HCIO,4 Sinopharm 7601-90-3
KOH Sinopharm 1310-58-3
Urea Sinopharm 57-13-6
HCI Sinopharm 7647-01-0
Nafion solution (5%) Sigma-Aldrich 31175-20-9
20wt% Pt/C Johnson Matthey 7440-06-4
Isopropanol Sinopharm 67-63-0
m-Phenylenediamine Sinopharm 108-45-2
(NH4)2S,04 Sinopharm 7775-27-1
Ethanol Sinopharm 64-17-5
C16H33(CH3)sNBr Titan 57-09-0
RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and materials should be directed to and will be fulfilled by
the lead contact, Dr. Shiming Zhang (smzhang@shu.edu.cn).

Materials availability

This study did not generate new unique reagents.

Data and code availability
@ Data reported in this paper will be shared by the lead contact upon request.

® This paper does not report original code.

® Any additional information required to reanalyze the data reported in this paper is available from the
lead contact upon request.

METHOD DETAILS

Preparation of N-CST support

For a typical preparation process, 5.83 g of cetyl trimethyl ammonium bromide (CTAB) was dissolved into
75 mL of ultrapure water. Thereafter, 1 g of m-phenylenediamine (mPDA) and 100 mL of 1 M HCI were
consecutively added under sonication for 30 minutes to obtain the precursor solution. Then, 25 mL of
ammonium persulfates (APS) solution (0.4 M) was added into the precursor solution to trigger the
polymerization of mPDA at room temperature for 24 hours. The brownish black precipitate was collected
by centrifugation, and further washed by ethanol and water for three times followed by freeze-drying. Then,
the obtained carbon semi-tube (CST) product was heated at 900 °C for 3 hours in an Ar flow and the resul-
tant support material of N-doped CST was denoted as N-CST.

Synthesis of Pt/N-CST catalyst

The synthesis of Pt nanoparticles (NPs) was implemented by an ethylene glycol (EG) thermal reduction
method. Typically, 2 mL of NaOH/EG solution (0.4 M) and 2 mL of H,PtCl,-6H,O/EG solution (38.6 mM)
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were mixed in a 25 mL glass flask, and the mixture was treated for 2 minutes at 160 °C and 160 W in a mi-
crowave reactor. To purify the Pt NPs, 15 mL of 1 M HCl was added to the black suspension and centrifuged
three times. Then, the residual Pt NPs suspension was mixed with the N-CST support by dispersing them
into 5 mL of ethanol with ultrasonication for 1.5 hours. The centrifugal product was washed with ultrapure
water and then dried at 80 °C overnight to obtain the final 20 wt% Pt/N-CST catalyst.

Physical characterizations

Transmission electron microscopy (TEM) and high-resolution TEM (HRTEM) were conducted on a JEOL
JEM-F200 at an acceleration voltage of 200 kV. Scanning electron microscopy (SEM) images were obtained
by Nova Nano SEM 450. The high-angle annular dark-field scanning transmission electron microscopy
(HAADF-STEM) images of samples were observed on a JEOL JEM-F200 microscope with an accelerating
voltage of 200 keV. X-ray diffraction (XRD) patterns were characterized by D/MAX2200 at the voltage of
40 kV and the current of 40 mA using Cu Ka radiation (A = 0.15406 nm). X-ray photoelectron spectroscopy
(XPS) analysis was performed on the Thermo Scientific K-Alpha and all the binding energy values have been
calibrated with reference to the C1s peak at 284.8 eV. Nitrogen (N,) adsorption-desorption isotherms were
recorded with an ASAP 2460 instrument (Micromeritics, USA). The electron paramagnetic resonance (EPR)
spectroscopy was measured on Bruker EMX PLUS, with typical set parameters that the resonance frequency
was 9.8259 GHz, the attenuator was 20.0 dB, the sweep width was 6000 G, the modulation frequency was
100 kHz, the modulation amplitude was 4 G, and the scan time was 30 s.

Electrochemical measurements

All the electrochemical measurements of the as-prepared samples were performed on a CHI electrochem-
ical workstation (CHI 760e) in a conventional three-electrode cell with a Pt foil as the counter electrode.
And, the saturated calomel electrode (SCE) and mercury/mercury oxide (Hg/HgO) electrode were used
as reference electrodes in acidic (0.1 M HCIO,4) and alkaline (0.1 M KOH) electrolytes. All the measured po-
tentials were converted to the reversible hydrogen electrode (RHE). The catalyst ink was prepared by
dispersing 5 mg 20 wt% Pt/N-CST catalyst in 1 mL isopropanol solution containing Nafion (Nafion : isopro-
panol = 1:48) under sonication for 30 minutes. 6 pL of the above ink was drop-casted onto the glass carbon
(GCQ) disk electrode (5 mm diameter) to make the working electrode with a total Pt loading of 30 pugp; cm~2.
For comparison, 20 wt% Pt/C catalyst (Johnson Matthey Corporation) was used as the baseline for compar-
ison. The catalyst loadings were controlled at 0.15 mg cm™ for the various Pt catalysts (30 pgp; cm~2) and
0.4 mg cm~2for the N-CST and XC-72R supports. Cyclic voltammetry (CV) was carried out in a Ny-saturated
0.1 M HCIQj solution with a scanning rate of 50 mV s~ . The catalytic ORR activity tests were performed by
linear sweep voltammetry (LSV) in an O-saturated electrolyte through the RDE method at 10 mV s™' and
1600 rpm. The kinetic current density (ji) was calculated from the mass-transport correction based on the
Koutecky-Levich equation:

l = 1+l (Equation 1)

I o Jd
where, j is the measured current density, ji is the current density and jq is the limiting diffusion current
density.

The accelerated durability test (ADT) was performed in the O,-saturated 0.1 M HCIO, electrolyte by poten-
tial cycling between 0.6 and 1.1 V (vs. RHE) with a scan rate of 100 mV s~ for 10000 cycles.

DFT calculations

DFT parameters

All calculations were carried out using the Plane-Wave Self-Consistent Field (PWSCF) codes included in the
Quantum ESPRESSO distribution.”” The spin-polarized density functional theory (DFT) calculations were
performed with periodic supercells utilizing the generalized gradient approximation (GGA) and the
Perdew-Burke-Ernzerhof (PBE) exchange-correlation functional, as well as ultrasoft pseudopotentials for
both nuclei and core electrons. The Kohn-Sham orbitals were expanded in a plane-wave basis set with a
kinetic energy cutoff of 30 Ry and a charge-density cutoff of 300 Ry. The Fermi-surface effects were taken
into account by applying the Methfessel and Paxton smearing technique, with a smearing parameter of
0.02 Ry. The various graphene doping structures were modeled using periodic supercells consisting of sin-
gle-layer graphene, with a 20 A vacuum above.
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Details for free energy diagram and adsorption energies calculations

The reaction mechanisms for ORR are written as follows:

O, +H" +e +* - OOH* (Equation R1a)

O, +H " +e +* > O*+ OH* (Equation R1b)
OOH* + H' + & +* = O* + H,0 (Equation R2a)
O* + OH* + H* + & + * — O* + H,0 (Equation R2b)
O* + HY + e + * —» OH* (Equation R3)

OH* + H + e +* > H,O + * (Equation R4)

Note: the alternative of R1a and R1b, and that of R2a and R2b will take place.

To calculate the free energy diagrams from R1 to R5, we employed the classical computational hydrogen
electrode (CHE) method to treat the free energies of protons and electrons.”® The associated adsorption
free energies of the adsorbates were determined using the following expression:

Ga=Ea+ZPE- TS+ [CdT (Equation R5)

where, E, is the total energy of a certain molecule A or adsorbate A*. For molecule, Ex can be obtained
directly through a gas phase calculation; For a certain adsorbate, E, is calculated by the difference be-
tween the DFT based substrate with (Ea->F") and without adsorbate A (E.°FT):

Ep = EasCFT - EPFT (Equation Ré)

where, ZPE, TS and [C,dT are the correction from zero point energy, entropy and heat capacity, whose
values are listed in Table S2. Other than that, H" is calculated by the Gibbs free energy of 1/2H,, and
the energy of electron is calculated by -Ue.

The computational hydrogen electrode (CHE) method

Generally, when studying electrocatalytic reactions using first-principles methods, two challenges must be
addressed: calculating the reaction barrier for the proton-coupled electron transfer (PCET) process and
determining the Gibbs free energy of solvated H*. The CHE method, proposed by Norskov et al.”®, pro-
vides a means of circumventing these challenges. Within the framework of the CHE method, the reaction
in question can be represented as follows:

H* + e > 1/2H, (Equation R7)
reaches equilibrium on Uspe = 0V, one can replace the energy of H* with that of 1/2H,:

Ghy = 172Gy (Equation R8)

The energy of the electron can be denoted as -Ue, where U is the electrode potential relative to the stan-
dard hydrogen electrode (SHE). With regards to the PCET reaction barrier, the CHE method assumes that
the overpotential of the electrocatalytic reaction is the minimum overpotential required to ensure that the
standard Gibbs free energies of all elementary steps are exothermic. This potential is referred to as the re-
action-limiting potential (U). In practice, U, an serve as an activity descriptor and can be used to determine
the exact reaction pathway, particularly for reactions such as the ORR.
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