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ARTICLE INFO ABSTRACT

Keywords: The enhancement of catalyst activity and stability by controlling the metal-support interaction is significantly
Atomic layer deposition important for the long-term operation of polymer electrolyte membrane fuel cells (PEMFCs). In this work, an
Electrocatalyst extremely stable electrocatalyst of platinum nanoparticles (Pt NPs) immobilized on a carbon support via the

Oxygen reduction reaction

bridge layer of nitrogen-doped tantalum oxide (N-TaOs) is proposed. The novel N-Ta,Os bridge layer in be-
Metal-support interaction

tween the Pt NPs and carbon surface is synthesized by an atomic layer deposition technique (ALD). It effectively
prevents Pt nanocrystals from detachment, migration, and aggregation during the PEMFCs’ operation.
Electrochemical results indicate that the Pt/N-ALDTa,Os/C electrocatalyst exhibits superior durability and
sufficient catalytic activity for the oxygen reduction reaction, compared to the Pt/C catalyst. X-ray absorption
spectroscopy illustrates the strong interactions between the Pt NPs and the N-Ta,Os-decorated carbon support. It
is found that the bridge layer of N-Ta,Os alters the electronic structure of the Pt nanocrystals and contributes to
the significantly enhanced catalytic activity and durability for the Pt/N-ALDTa,Os/C catalyst. This strategy, by
using ALD of N-doped metal oxide to tune the metal-support interface and results in strong metal-support in-
teractions, will benefit the future design of new-generation electrocatalysts with even better activity and long-

term durability for PEMFCs application.

1. Introduction

Due to the high efficiency in converting chemical energy from hy-
drogen into electrical energy, polymer electrolyte membrane fuel cell-
(PEMEFCs) is considered as a promising technology among the renew-
able energy systems. Currently, PEMFCs are being commercialized for a
broad range of applications, involving portable power, backup power
and electric vehicles due to their high efficiency and zero emissions
[1-3]. To realize a widespread commercial implementation of PEMFCs,
developing a promising catalyst with enhanced oxygen reduction re-
action (ORR) performance is of great significance. At present, carbon
supported platinum nanoparticles (Pt NPs) are the state-of-the-art cat-
alysts for ORR [4-7]. Dispersing Pt NPs on carbon increases the elec-
trocatalytic activity and utilization of Pt, thus effectively decreasing the
overall cost of PEMFCs. Carbon is used as a catalyst support material in
PEMFCs due to its large surface area, high electrical conductivity, and
well-developed pore structures [8-11]. However, the stability of Pt/C
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for ORR cannot satisfy the requirement for long-term operation of
PEMFCs. In addition to carbon corrosion at high potential during air-air
startup/shutdown, the weak interactions between the carbon support
and the metal particles lead to Pt NPs migration, aggregation, and
eventually a degradation of electrocatalytic performance [12-14]. Nu-
merous efforts have been devoted to solve this issue, for example, en-
hancing the interaction between Pt NPs and supports through carbon
surface modification with metal compounds, polymers, etc. [15-22] or
developing corrosion-resistant supports such as TiO, and ZrC [23-25].
It is reported the electrocatalysts exhibit improved stability and activity
for the ORR by forming strong metal-support interactions (SMSIs).
Utilization of SMSIs is a promising approach to improve both activity
and stability of electrocatalysts. The SMSIs between Pt NPs and metal
oxide supports have been investigated and have demonstrated positive
effects on maintaining the stability of catalyst NPs [26,27]. However,
the most stable metal oxides, with maximum valency, have poor elec-
tronic conductivity. This means the metal oxides as catalyst supports
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would enhance the catalysts’ durability but sacrifice their high ORR
activity. To enable the catalyst support with properties of both SMSIs
and good electronic conductivity, one of the solutions is to develop
metal oxide decorated carbon composites by combing the merits of
metal oxide and carbon. Therefore, carbon decorated with highly dis-
persed metal oxide NPs could be used as alternative support for Pt
catalyst [26-28]. By introducing metal oxide NPs to the position be-
tween the Pt NPs and the carbon support, the stable and strong three-
phase boundary of Pt, metal oxide, and carbon could be achieved,
which plays a significant role in stabilizing Pt NPs on the support. The
group IV and V elements such as Zr, Ti, Ta, and Nb are known to be
chemically stable under PEMFCs operation conditions. Several com-
pounds based on these elements have been reported as ORR electro-
catalysts or catalyst supports [29-33]. Despite many attempts, oxides
based on Ta, Nb, and Zr have shown limited catalytic activity and
durability for PEMFCs application due to their low conductivity. Based
on these considerations, the nitrogen-doped support provides an op-
portunity to stabilize Pt NPs while indirectly improving the electro-
catalytic activity due to stronger electronic interactions between Pt and
a nitrogen-doped support. Nevertheless, using nitrogen-doped metal
oxide as an additive to enable the Pt NPs catalyst with enhanced ac-
tivity and long-term stability towards the ORR have not been reported.

Conventional synthesis methods for the group IV-V metal compounds
have considerable disadvantages because the as-prepared particles are
easily aggregated and frequently form large particles, making it difficult
to precisely control the metal-support interface [34-36]. In contrast, the
atomic layer deposition (ALD) technique has attracted considerable at-
tention for the synthesis of transition metal oxide NPs on various sub-
strates [37,38]. Due to the sequential reactions and self-limiting nature,
ALD possesses the advantage in controlling the target materials with
precise particle size and density on the substrate. By forming chemical
bonds between the initial layer of ALD precursor and support atoms
during the first cycle of deposition, the strong interaction between the
deposited material and support can be enabled, which is believed ben-
eficial for achieving the highly stable metal NPs [39]. Moreover, various
transition metal oxides or compounds with controllable particle size and
density have been developed on different substrates via ALD by our
group [23,40-43]. These results enable the preparation of well-dis-
persed, nanoscale metal or metal oxide decorated on carbon surface,
achieving the controllable metal-support interface.

Herein, we explored the role of nitrogen-doped tantalum oxide (N-
Ta,0s) bridge layer in-between of Pt NPs and carbon support for a
potential improvement in catalyst activity and durability by forming
the SMSIs. Initially, the Ta;Os NPs were developed by ALD technique to
decorate the carbon black surface. As co-support, Ta,O5 NPs have much
higher corrosion resistance in the electrochemical environment of
PEMFCs compared to carbon. Subsequently, NHj3 treatment of
ALDTa,0s/C support was conducted to doping N species, and resulted
the N-doped-ALDTa,0s/C. It was found that Pt/N-ALDTa,O0s/C catalyst
showed enhanced catalytic activity and significantly improved elec-
trochemical durability toward the ORR. X-ray absorption spectroscopy
(XAS) indicated that the chemical states and electronic structure of Pt
on N-ALDTa,0s5/C support are mainly by a different appearance of
higher unoccupied density of states of Pt 5d, which confirms strong
interactions between Pt NPs and N-ALDTa,0s/C support. This is the
first report for application of N-doped tantalum oxide as an effective
stabilizer to immobilize the Pt NPs on carbon support. By tuning the
metal-support interface, a highly active and stable Pt catalyst was
achieved in this study.

2. Experiment

2.1. Surface modification of carbon black via ALD of tantalum oxide
(Taz0s5)

Vulcan-72 carbon black was used as the catalyst support to prepare
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the Pt/C catalyst. Prior to Pt deposition, surface modification of carbon
black with Ta;Os NPs were carried out by an ALD technique. The Ta,0s5
deposition were conducted in an ALD reactor (Savannah 100,
Cambridge Nanotechnology Inc., USA) at 225 °C using tantalum (V)
ethoxide (Ta(OC,Hs)s) and H,O as precursors, and N, as carrier gas.
One ALD cycle consisted of the following six steps: (1) 0.5 s pulse of Ta
(OC,Hs)s; (2) 3.0s extended exposure to Ta(OC,Hs)s in the reaction
chamber; (3) N, purging of 16s; (4) 1.0s pulse of H,0; (5) 3.0s ex-
tended exposure to H,O in the reaction chamber; (6) N, purging of 25s.
35 ALD cycles were carried out to achieve a uniform distribution of
Ta,0s NPs on carbon surface. The prepared sample is designated as
ALDTa,05/C. More detailed relationships between ALD cycles and
Ta,0s5 loading have been previously reported elsewhere [8,41]. To in-
vestigate the impact of N-doped-metal oxide on Pt catalyst activity and
durability, the N-doped ALDTa,Os/C (N-ALDTaOs/C) was derived
from post-treatment of ALDTa,0s5/C with NHs/Ar (10:100) under
700 °C for 1 h. The modified N-ALDTa,0s5/C and ALDTa,0s/C compo-
sites were supplied as supports for Pt NPs deposition and finally the
supported Pt/N-ALDTa,0s/C and Pt/ALDTa,0s/C catalysts were pre-
pared respectively. To investigate whether N can be doped in carbon,
one sample of NHjs-treated-carbon (NH3/C) with NHs/Ar (10/100)
post-treating carbon under 700 °C for 1 h was designed.

2.2. Pt deposition on nanocomposite carbon supports

For Pt deposition, a microwave assisted ethylene glycol (EG) re-
duction method was used to deposit Pt NPs on different supports. The
20mg of N-ALDTa;0s/C in 50ml EG solution containing 0.6 mM
H,PtClg'6H,0 was sonicated for 30 min, and then saturated NaOH/EG
solution was used to adjust the pH of the solution to ~10. The solution
mixture was microwaved in an oven until the boiling point of EG was
reached. During the microwaving process, Pt metallic NPs nucleation
and growth proceeded by reducing the H,PtClg precursor. The Pt NPs
were then loaded on the available substrate surface of the N-ALDTa,O0s/
C support. After cooling down, filtering, and washing, the obtained Pt/
N-ALDTa,0s/C catalyst was dried in a vacuum oven. For comparison,
the Pt NPs were also deposited on the ALDTa,0s/C and pure Vulcan-72
carbon supports using the same procedure to get the Pt/ALDTa,Os and
Pt/C catalysts, respectively.

2.3. Physical characterization

Structure characterizations of ALDTa,05/C, N-ALDTa,0s/C and Pt/
N-ALDTa,0s/C catalysts were performed by high resolution transmis-
sion electron microscope (HRTEM, JEOL 2010FEG, at 200 kV). The
elemental distribution was determined by energy dispersive X-ray
spectroscopy (EDS) and electron energy loss spectroscopy (EELS)
mapping. The chemical state of N-ALDTa,0s/C, and NH3/C were in-
vestigated by X-ray photoelectron spectroscopy (XPS, Kratos Axis Ultra-
spectrometer). The XPS demonstrated that N content was around 0.5 at
%, and Ta content around 3.3 at% (equal to 12.7 wt% determined by
EDS) for the sample of N-ALDTa,;Os/C. Pt content for each of the
electrocatalysts was determined by inductively coupled plasma-optical
emission spectroscopy (ICP-OES). From ICP analysis, the Pt loading in
Pt/N-ALDTa,0s/C, Pt/ALDTa0s/C, and Pt/C catalysts were de-
termined to be 21.0 wt%, 22.6 wt%, and 23.7 wt%, respectively.

2.4. X-ray absorption spectroscopy

X-ray absorption near edge structure (XANES) measurements at the
Pt Lz-edge (11,564 eV) and Ly-edge (13,273 eV) were performed on the
061D superconducting wiggler sourced hard X-ray microanalysis
(HXMA) beamline at the Canadian Light Source. The spectra were
collected in fluorescence yield mode using a 32 Ge solid-state detector,
and the spectra of high purity metal Pt foil were collected in trans-
mission mode for comparison and mono energy calibration. The
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Scheme 1. Schematic illustration for fabrication of nanocomposite electrocatalyst of Pt/N-ALDTa,0s/C with strong metal-support interactions (SMSIs).

acquired XANES data were processed according to the standard pro-
cedures using the Athena module. The XANES oscillation functions
were obtained by subtracting the pre-edge and post-edge background
from the overall absorption spectra and then normalized with respect to
the edge-jump step to unity. For a better understanding of the impact of
unoccupied densities of 5d states of Pt NPs on different supports,
quantitative whiteline (WL) intensity analysis were conducted based on
the method reported by Mansour et al. [44], Sham et al. [45,46], and
Sun et al. [17,47,48] The details that support the quantitative WL in-
tensity analysis are available in the Supporting information.

2.5. Electrochemical characterization

The electrochemical characterizations were performed in a three-
electrode system using a rotating-disk electrode (RDE) setup with an
Autolab electrochemistry station and rotation control (Pine
Instruments). The ink was prepared by mixing 3.0 mg of catalyst in
3.0ml of aqueous solution containing 0.6 ml of isopropyl alcohol and
30 pL of Nafion (5.0 wt%). Then 30 min sonication was conducted to
ensure homogenous dispersion and wetting of the catalyst. 20 uL of the
catalyst ink was pipetted onto a polished glassy carbon electrode (Pine,
5.0mm dia., 0.196 cm?) and allowed to dry at room temperature. All
electrochemical measurements were carried out in 0.1 M HCIO, elec-
trolyte using a Pt wire as a counter electrode and reversible hydrogen
electrode (RHE) as a reference electrode. All potentials reported hen-
ceforth are vs. RHE. Each electrode was activated by scanning from
0.05 to 1.1V at 50mVs~! in N-saturated 0.1 M HCIO, until no
changes were observed in the cyclic voltammetry (CV) curves. O, was
bubbled into HCIO,4 for 30 min to achieve an O,-saturated electrolyte.
Then, ORR linear sweep voltammetry (LSV, 10 mV s~ 1) was conducted
in O,-saturated 0.1 M HClO, on the RDE system with a rotation speed of
1600 rpm. The LSV curves obtained under N, were subtracted from the
LSV curves obtained under O, to remove the non-Faradaic current. The
electrochemically active surface area (ECSA) was calculated by in-
tegrating the area of the CV curves in the hydrogen underpotential
deposition (HUPD) region and using the charge value of 210 uC-cm ™2
corresponding to a monolayer adsorption of hydrogen atoms on a
polycrystalline Pt catalyst [49]. To evaluate the catalysts durability, an
accelerated durability test (ADT) of potential cycling from 0.6 to 1.0V
vs. RHE protocol was conducted on the as-prepared electrocatalysts. A
total of 10,000 cycles in O,-saturated 0.1 M HCIO, at 50mV s~ ' were
performed to analyze the catalysts’ durability. Intermediate character-
izations were recorded to monitor the catalysts’ ECSA degradation and
mass activity loss.

718

3. Results and discussion

The nanocomposite electrocatalyst with Pt NPs supported on N-
ALDTa,0s/C was synthesized by a three-step procedure as illustrated in
Scheme 1. Initially, ALD of Ta,Os NPs were performed on the surface of
carbon black to produce the Ta;Os-modified carbon. Based on our
previous work [8], 35 ALD cycles can ensure appropriate loading and
uniform distribution of Ta,Os NPs on the carbon surface. Thus, 35 ALD
cycles were adopted here for the Ta,O5 NPs deposition. The gas mixture
of ammonia/argon (NH3/Ar = 10/90) was used for the post-treatment
of ALDTa50s/C support under 700 °C for 1h to achieve the N-doped
ALDTa,0s/C nanocomposite support. By doping the N atoms from NH;
to Ta;Os NPs, the composite of ALDTa,0s/C can be transformed into N-
Ta,0s5/C support. Finally, the Pt NPs were deposited on the surface of
the N-Ta,0s/C support with a controlled Pt loading of ~20 wt% to
obtain the nanocomposite electrocatalyst of Pt/N-ALDTa,0s/C.

The particle sizes and distribution of ALDTa,Os NPs on carbon
spheres achieved via ALD was characterized by HRTEM and scanning
transmission electron microscopy (STEM). It can be observed in
Fig. 1(a, b) that the Ta,0Os NPs with discontinuous morphology were
deposited on the carbon surface with a uniform distribution. By further
analysis HRTEM information, no crystal lattice stripe can be found
which implies that the majority of Ta;Os NPs present as amorphous
state [41], that is due to the small particles size (2.7 * 0.3nm) of
Ta,05 and the low temperature (225 °C) of ALD synthesis mechanism.
To understand the structure and morphology variations for ALDTa,0s/
C after N-doping, a comparison of HRTEM/STEM images for N-
ALDTa,0s5/C was conducted. Fig. 1c and d indicate that the N-Ta,0s5
from support of N-ALDTa,0Os/C has similar particle size with that of
Ta,0s, which exhibits uniform dispersion across the Vulcan carbon
surface. Although having undergone a high temperature NH; treatment
(700 °C), the N-Ta,O5 NPs still retained a good dispersion and were
closely anchored on the carbon surface, suggesting a tight integration of
N-Ta,05 NPs and carbon surface. To further confirm the N species have
successfully doped into the ALDTa,0s/C, EELS element maps were
conducted, and showed uniform distribution of N atoms in the N-
ALDTa,0s5/C support (Fig. 1le). Using N-ALDTa,Os/C as a catalyst
support, Pt NPs were deposited on this nanocomposite support, and
finally, the supported Pt/N-ALDTa,0s/C electrocatalyst was achieved.
The HRTEM image in Fig. 1f shows that crystalline Pt NPs were uni-
formly dispersed on N-ALDTa,0Os/C support. No Pt NPs aggregation was
detected. The pre-deposited N-Ta,Os appears as an island surrounding
the Pt NPs on the carbon surface, effectively preventing the Pt NPs
migration and aggregation with the neighbouring NPs. This character-
ization is evidence of stabilization against mobility that the N-TayOs
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Fig. 1. HRTEM and STEM images of ALDTa,0s/C (a-b), N-ALDTa,0s/C (c-d), and Pt/N-ALDTa,0s/C (f-g); EELS map of the C (green), N (yellow), O (red) elements
for the N-ALDTa»Os/C (e); STEM-EDS line scan and spectra of Pt/N-ALDTa»Os/C (h).

bridge particle imparts on the Pt NPs. The HRTEM/EDS mapping (Fig.
S1) shows Pt and Ta with uniform distribution on a carbon surface.
STEM line scan images in Fig. 1g and h provide convincing evidence for
the effective incorporation of Pt with N-Ta;Os NPs and carbon support.
EDS spectra indicates the Ta and Pt loading is 12.7 wt% and 20.1 wt%,
respectively, which is consistent to the Pt content of 21.0 wt% detected
by ICP-OES. By tuning the interface between Pt NPs and carbon support
via the bridge layer of N-ALDTa,O5 NPs, the Pt/N-ALDTa,0s/C elec-
trocatalyst is expected to have enhanced electrocatalytic activity and
stability compared to pure Pt/C.

A smaller particle size with a higher specific surface area in the
current work is believed to provide a higher thermodynamically me-
tastable surface area to facilitate the nitridation reaction, thereby
yielding the N-doped Ta,Os in addition to Ta,Os. Nitrogen doping of
ALDTa,05/C via the 700°C NHj treatment was confirmed by X-ray
photoelectron spectroscopy (XPS), which was carried out to determine
the chemical composition of N-ALDTa;Os/C. The XPS survey of N-
ALDTa,0s5/C in Fig. 2a indicates the presence of Ta, O, N and C
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elements with the atomic content of 3.3%, 9.2%, 0.5% and 87.0%, re-
spectively. The Ta 4f doublets in Fig. 2b, with binding energy of
27.09 eV for the Ta f,,, peak and 28.97 eV for the Ta f5,, peak, are
consistent with the Ta>* signal from Ta,Os. The XPS spectra in Fig. 2¢
showed N1s peak at 397.7 eV accompanied with a larger Ta 4p3,, peak
at 405.1 eV. This confirms that nitrogen atoms have been successfully
doped into the Ta,Os lattice. As reported by Kang et.al [50], the ni-
trogen-doping content in Ta;Os can be modulated by the temperature
of NH; treatment. Under 700 °C, certain amounts of O atoms from
Ta,0s/C are substituted by N atoms with larger radii than that of O
atoms. Fig. 2d indicates that major O1s peak located at 531.6 eV is from
the metal oxide of Ta;Os, and a small peak at 533.2 eV is attributed to
the response of O-N, belonging to the N-doped-O species from N-
ALDTa,0s/C. In this study, the O/Ta molar ratio is 2.78 and the N/Ta
molar ratio was 0.15, which suggest that nitrogen atoms have been
doped in a modest concentration via the 700 °C NHj3 treatment for 1 h.
To understand the N is actually doped in Ta,Os NPs or both Ta;Os and
carbon surface. The NHj-treated-carbon (NHs3/C) material was



Z. Song et al.

Nano Energy 53 (2018) 716-725

a O1s b Tadf
Tadf,
Ta 4f Tadf,, (Ta205)

—~ = Ta20s

2 g R

E/ -’

z £

= £

= I

< =

E o

At%: Ta 3.3%, O 9.2%, N 0.5%
T T T Y T T T v T * T T T J !
1000 800 600 400 200 0 34 32 30 28 26 24
Binding energy (eV) Binding energy (eV)
C Tadp
32 d Taz0s O1ls
531.6 eV

5 £

& &g

2z Z
= £

= =

& g
= = O-N

533.2 eV
I ) ] 1 ) b4 Ll h T b4 1) i I L3
420 415 410 405 400 395 538 536 534 532 530 528
Binding energy (eV) Binding energy (eV)

Fig. 2. X-ray photoelectron spectra for N-ALDTa,0s/C nanocomposite. a) survey spectrum, b) Ta 4fs,, and Ta 4f;,,, (c) Ta 4p3,», and N 1s, and (d) O 1s.

prepared by treatment of carbon with NH3/Ar at 700 °C. From the XPS
spectra (Fig. S2), it can be found that quite low O levels (0.8%) and no
N signal is detectable in the sample of NH3/C, suggesting the very inert
carbon surface and no N atoms can be doped in the carbon under 700 °C
heat treatment. Therefore, it is believed that in the system of N-
ALDTa,05/C sample, all the N atoms are doped in the Ta,O5 NPs.

To determine the impact of N-ALDTa,Os and ALDTa,Os on Pt ac-
tivity and durability, the ORR activity and potential cycling durability
for catalysts of Pt/N-ALDTa,0s/C, Pt/ALDTa,0s5/C, and Pt/C were
evaluated. The durability tests were performed by potential cycling
between 0.6 V and 1.0 V (vs. RHE) in O,-purged 0.1 M HC1O, for 10,000
cycles to mimic catalyst durability under the PEMFCs operation. During
the accelerated durability test (ADT), Pt catalysts underwent the NPs
migration and aggregation, dissolution, and re-deposition, thus redu-
cing active surface area, leading to activity degradation. Fig. S3 illus-
trates the representative CV curves (Fig. S3 a-c) recorded before and
after 10,000 cycles ADT for these catalysts. The electrochemical active
surface area (ECSA) and relathionships between ECSAs and cycle
numbers for each catalyst are shown in Table S1 and Fig. S3d, respec-
tively. With continuous potential cycling, the CV curves for Pt/C cata-
lyst exhibited a pronounced decrease of total charge in the hydrogen
underpotential deposition (HUPD) region, indicating a degradation in
Pt active surface area. By analyzing the ECSA of the Pt/C catalyst before
and after 10,000 cycels ADT, it was observed that the Pt/C catalyst
experienced a significant surface degradation, with 47% initial ECSA
loss after cycling. In contrast, the Pt/ALDTa,0s5/C catalyst, with the
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decoration of ALDTa,Os NPs on carbon surface, exhibited an enhanced
stable CV peak current and showed 25.2% loss of ECSA after ADT-
10,000. The more stable ECSA for Pt/ALDTa,0s/C than that of Pt/C
implies an adhesive and/or anchoring effect of T,Os bridge particles,
which benefits for immobilizing Pt NPs and inhibiting Pt NPs migration
and aggregation, thus alleviating the rapid degradation of catalyst
surface area. More importantly, with further doping N species into the
ALDTa,0s, N-ALDTa,05 NPs display the best effectiveness in stabilizing
Pt NPs. Fig. S3 (a) shows the CV curves for Pt/N-ALDTa,05/C catalyst
before and after ADT-10,000. Higher beginning ECSA of 70.3 m* gp*
and 85.1% initial ECSA was maintained, only 14.9% ECSA loss was
revealed for the Pt/N-ALDTa,Os/C catalyst, after 10,000 cycles ADT.
These results suggest a superior durability of Pt/N-ALDTa,0s/C com-
pared to the Pt/ALDTa,0s/C and Pt/C catalysts.

The ORR kinetics of these Pt electrocatalysts were evaluated by
comparing their polarization curves that were acquired in O,-saturated
0.1 M HCIO,4 (Fig. 3a-c) and the calculated mass activities based on
Koutecky-Levich plots (Fig. 3d) [51]. After performing 10,000 cycles
ADT, the Pt/C lost their ORR activity much faster than that of the Pt/
ALDTa,0s/C and Pt/N-ALDTa,0s/C catalysts, i.e., a pronounced 20 mV
(shifted from 0.891V to 0.871V) of half-wave potential (E;,;) de-
gradation for Pt/C versus 10 mV (shifted from 0.902 to 0.892V) E; 5
degradation for Pt/ALDTa,Os/C. In contrast, the E;,, of Pt/N-
ALDTa,0s/C electrocatalyst remained almost the same as their re-
spective voltammograms nearly overlapped and only 4mV of E;/,
(shifted from 0.908 to 0.904 V) loss was observed before and after the
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stability test. The kinetic currents at 0.9V for all the studied electro-
catalysts obtained from the Koutecky-Levich equation [51] were used to
get Pt mass activities (Fig. 3d). With the same Pt NPs size and loading,
the electrocatalyst of Pt/N-ALDTa,Os/C showed the best mass activity
and durability. The mass activity of Pt/C exhibited obvious degradation
of 39.4% activity loss after 10,000 cycles ADT. Pt/ALDTa,0s/C elec-
trocatalyst showed an initial mass activity of 0.222 A'‘mgp,", and after
10,000 ADT cycles, the mass activity decreased to 0.168 Amgp',
showing a 24.3% loss. Notably, Pt/N-ALDTa,0s/C showed a higher
initial activity of 0.280 Amgp'. After 10,000 ADT cycles, its mass ac-
tivity decreased to 0.252 A'mgp;' (with only 10.0% loss in Pt activity)
that is higher than the initial mass activity of Pt/C, and around 2 times
better than that for Pt/C after 10,000 ADT cycles (detailed mass activity
and E,,» numbers for each catalyst are list in Table S1). The ORR and
potential cycling durability tests show that the Pt/N-ALDTa,0s5/C
electrocatalyst processes the enhanced ORR activity and stability than
that of Pt/ALDTa,0s/C and Pt/C catalysts. The morphology change of
the Pt/N-ALDTa,0s/C catalyst after 10,000 cycles ADT was examined
by TEM. As shown in Fig. S4, after ADT, the size of the Pt NPs in Pt/N-
ALDTa,0s5/C was 3.3 nm and underwent almost no change, suggesting
that the effective anchoring of N-ALDTa,Os bridge layer in stabilizing
Pt NPs during potential cycling. These results indicate a superior dur-
ability of Pt/N-ALDTa,0s/C compared to the Pt/ALDTa,0s/C, and Pt/C
catalysts. The enhanced durability is ascribed to the strong metal-sup-
port interactions between Pt NPs and N-ALDTa,Os/C support, which
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hinder the migration and agglomeration of Pt NPs during electro-
chemical operation, consequently preserving the high intrinsic activity.
In addition, the strong Pt-support interactions alters the electronic
structures of Pt atoms, which promotes the Pt NPs with enhanced ac-
tivity than the pristine Pt/C catalyst. To confirm this assumption, the X-
ray absorption spectroscopy was carried out to study the local elec-
tronic structures of Pt and evaluate the metal-support interactions in
these electrocatalysts.

To determine the chemical state and electronic structure of Pt and
Pt-support interactions, the X-ray absorption spectra of Pt at Ls- and L,-
edge were studied. It is seen that the X-ray absorption near edge
structure (XANES) of supported Pt NPs at both the Pt Ls- and the L,-
edge exhibit a considerable whiteline (WL) compared to the Pt foil
(Fig. 4). The WL at Pt L, and L3 edges arise from the dominant 2p, ,, and
2ps,» transition to 5ds,, and 5ds,s 3,2, respectively, indicating the
presence of unoccupied densities of states (DOS) of Pt 5ds,5 and 5ds,»
characters in the catalysts. The unoccupied DOS are crucial to the
catalytic performance of Pt catalyst [47]. The normalized XANES and
derivative spectra for both the Pt L;- and L,-edges of the Pt/N-
ALDTa,0s/C, Pt/ALDTa,05/C, and Pt/C catalysts are shown in Fig. 4,
in comparison to a standard Pt foil. It can be observed in Fig. 4a that the
threshold energy (E,) and the maximum energy (Epcax) of the Pt Lz-edge
for these supported Pt catalysts are close to the reference of metallic Pt
foil, confirming the metallic nature of the Pt NPs. However, the XANES
profile and derivative spectra of Pt in the Pt/N-ALDTa,0s/C catalyst
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Fig. 4. X-ray absorption studies. (a) The normalized and (b) derivative XANES spectra at the Pt L-edge of the Pt/N-ALDTa,0s/C, Pt/ALDTa50s/C, Pt/C and Pt foil.
The inset shows the enlarged spectra at the Pt Ls-edge white line (WL). (c) The normalized and (d) derivative XANES spectra at the Pt Ly-edge of Pt/N-ALDTa,0s/C,
Pt/ALDTa,0s/C, Pt/C and Pt foil. The inset shows the enlarged spectra at the Pt L,-edge white line (WL).

demonstrate a dramatic difference from those of the Pt/ALDTa,0s5/C
and Pt/C catalysts. The higher WL intensity (Fig. 4a) and the positively
shifted peak energy in derivative spectra (Fig. 4b) for Pt/N-ALDTa,0s/
C, compared to other catalysts, implies that the depletion of the Pt d-
band in Pt/N-ALDTa,0s/C is greater than that of Pt/ALDTa,0s/C and
Pt/C catalysts. The appearance of higher unoccupied density of d states
of Pt is due to the electron transfer from Pt to N-Ta,Os NPs, which
confirms the strong interactions between Pt NPs and N-Ta,Os/C

Table 1

support. Moreover, the corresponding Pt L,-edge WL exhibits con-
siderable variation among the catalysts. These results indicate that L,-
edge WL intensity increases in the order of: Pt foil < Pt/C < Pt/
ALDTa,05/C < Pt/N-ALDTa,0s/C, which follows the same order with
the long-term durability of these catalysts. Therefore, the increase of
the WL intensity in Pt/N-ALDTa,0s/C compared to Pt/ALDTa,0s/C
and Pt/C, reflects strong interaction between the Pt and the N-Ta,0s/C
support. The quantitative analysis to determine the occupancy of 5d

Pt Lz-edge and Pt Ly-edge threshold and whiteline parameters of different catalysts.

Sample Pt L3 edge WL Pt L, edge WL

Eo (eV)’ E(peaty(€V)" I(eV) AA;* Eo(eV)’ Egpeato(eV)” I(eV) AA hs/» hz/» Total
Pt Foil 11,564 11,566.6 4.0 6.173 13,273 13,276.4 2.5 2.516 0.572 0.117 0.689
Pt/C 11,564 11,567.1 5.4 6.776 13,273 13,276.6 1.9 3.753 0.620 0.175 0.795
Pt/ALDTa,05/C 11,563.9 11,566.9 4.5 7.018 13,273 13,276.8 1.3 3.956 0.642 0.184 0.826
Pt/N-ALDTa»0s/C 11,564.5 11,567.8 5.9 7.388 13,273 13,277.6 5.1 4.203 0.676 0.196 0.871

@ Position of the point of inflection of the rising edge.
" Ppeak position.
¢ Line width at Half maximum of the WL.

4 Area under the difference curve for unity edge jump, the unity edge jump for the Pt L and L, edge corresponds to a value of 2.5 x 10> cm~! and 1.16 x 10°

em ™!, respectively.
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states through detailed examination of WL profile in each sample will
be further discussed below.

For a better understanding of the effect of the unoccupied densities
of 5d states of Pt on different supports, the quantitative analysis of Pt L3
and L, edge WL intensity was conducted based on the method (see
details in Supporting information) reported by Sham et al. [45] and Sun
et al. [17,47] For the set of experimental data recorded in this work, the
Pt L3 and L, edge threshold, WL parameters, and the corresponding 5d
hole counts of h3,, and hs,, are summarized in Table 1. These results
quantitatively confirm the observations made on the Pt L; and L, edge
XANES: the Pt/N-ALDTa,0s/C has the highest total unoccupied DOS of
the 5d hole counts of 0.871, higher than that of 0.826 for Pt/
ALDTa,0s5/C and 0.795 for Pt/C. The character of Pt 5d unoccupied
density of states correlates well with its performance. The higher un-
occupied DOS of the Pt 5d hole number stands for a stronger interaction
between Pt NPs and support, which leads to an advanced electro-
catalytic activity and durability. It can be concluded that the mod-
ification of carbon support by N-ALDTa,Os plays a significant role in
affecting the electronic states of Pt NPs, thus forming the strong metal-
support interaction and leading to the enhancement of catalytic activity
and long-term stability of Pt NPs.

4. Conclusion

In summary, we have successfully used the ALD method to prepare a
novel Pt/N-ALDTa,0s/C electrocatalyst in which the carbon support is
decorated by N-doped-Ta,Os particles and yields Pt NPs that are well-
anchored and stick tightly on the modified carbon surface.
Experimental results demonstrate that Pt/N-ALDTa,0s/C catalyst
shows improved activity for the ORR compared to the Pt/C catalyst.
More interestingly, the Pt/N-ALDTa,0s/C catalyst exhibits superior
long-term durability, reflected by a mass activity two times higher than
that of Pt/C, after 10,000 cycles of accelerate durability tests. The im-
proved activity and stability are attributed to the introduction of a N-
Ta,0s bridge layer between Pt NPs and carbon support, forming strong
metal-support interactions and thus effectively prevent Pt nanocrystals
from migration and aggregation. The X-ray absorption spectra suggests
that the Pt/N-ALDTa,Os/C catalyst shows noticeable electron deloca-
lization of Pt d orbitals and with electron transfer from Pt to N-Ta,05/C
support, which gives the most direct evidence for the strong interac-
tions between Pt NPs and N-Ta,Os/C support. The result of this work
provides insights for future design of electrocatalysts with high stability
through increased interactions between catalytic metal particles and
support.
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