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To further obtain high catalytic activity and durability of Pt
catalysts for oxygen reduction reaction (ORR), we synthesized a
robust Pt-on-ZrC nanocomposite catalyst by taking advantage of
atomic layer deposition (ALD) to improve the strong metal-
support interactions at the atomic level between the catalyst and
support. X-ray absorption near edge structures (XANES) results
show that ALD-Pt /ZrC catalysts show noticeable change in the
electronic structure of Pt due to strong interactions with the ZrC
support. Using electrochemical cycling to test durability, we
found the ALD-Pt/ZrC nanocomposites to be roughly 5-fold
more and 3-fold more stable than commercial Pt/C and CW-
Pt/ZrC (synthesized by a conventional chemical reduction
method), respectively. The ALD-Pt/ZrC nanocomposite showed
a mass activity of 0.122 A/mgp, at 0.9 V (vs. RHE); much higher
than those for Pt/C and CW-Pt/ZrC catalysts (0.074 and 0.041
A/mgp, respectively). After durability test, our novel catalyst
also exhibited greater than 9 times the ORR activity of Pt/C.This
approach, using ALD to grow the Pt catalyst directly, resulting
in strong interactions, will aid the design of new active and
stable catalysts for ORR or other chemical reactions.

The inherently sluggish kinetics of the oxygen reduction reaction
(ORR) and instability of platinum (Pt) at the cathode are the big
challenges for widespread commercialization of proton exchange
membrane fuel cells, which are promising for portable,
transportation, and stationary energy applications."® Currently,
carbon black is the most widely used support material to promote Pt
activity towards ORR. However, carbon black suffers corrosion
during long-term fuel cell operation (especially at potential above
0.9V) which results in the agglomeration of Pt nanoparticles (NPs)
and thereby rapid degradation of Pt performance.”” Furthermore, the
weak interactions between carbon black and Pt NPs lead to sintering
of the catalytic Pt NPs and a consequent decrease in the activity.'® !
Besides the challenges to improve catalyst stabilities, it is highly
desirable to improve Pt activity and decrease Pt loading in fuel cells
because of the high cost and limited availability of Pt."*"'* Therefore,
it is extremely desirable to develop highly active and stable ORR
electrocatalysts.

The challenges associated with using carbon black can be
alleviated by substututing more corrosion-resistant support materials
that have the strong metal-support interactions (SMSIs) with Pt.'>
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The important role of SMSIs has been extensively studied for
catalysis '® '7 where they not only improve the activity but also
enhance the stability of catalysts.'®*" More importantly, the effect of
SMSIs for supported catalsyts is mainly assumed to the result from
the metal-support interface.'® '

There remains a challenge to further improve SMSIs particularly
because it is difficult to precisely control the metal-support interface
using conventional chemical methods. Atomic layer deposition
(ALD) technique is a promising technique for precisely controlling
the metal-support interface. ALD proceeds by forming bonds
between the initial layer of atoms of a reactive species and the
surface of support during its first cycle, ensuring a strong interaction
between the deposited material and support.’*?* Electrical and
interfacial properties of metal-support fabricated by ALD has been
investigated.”>2® ALD also has been carried out to prepare supported
nobel metal NPs by employing sequential and self-limiting surface
reactions.”* ?3!  Zirconium carbide (ZrC) is a very hard and
conducting ceramic material with good corrosion resistance, high
melting point, high stability, and good thermal conductivity. ZrC
showed significantly stronger electrochemical corrosion resistance
than Vulcan XC-72 (carbon black) support.**** ZrC was found that
it promoted the Pt ORR activity.** In this paper, we use ALD to
enhance SMSIs through precisely controlling the metal-support
interface at the atomic level. More corrosion-resistant Zirconium
carbide (ZrC) was used as support for deposition of ALD Pt. The
ORR activity and durability of ALD deposited Pt on ZrC (ALD-
Pt/ZrC) nanocomposites were explored and the nanocomposite
showed greatly enhanced ORR activity and durability, compared
with Pt/ZrC  nanocomposites synthesized by a conventional
chemical reduction method (denoted as CW-Pt/ZrC) and commercial
Pt/C catalysts.

We first studied the electrochemical stability of the ZrC support
relative to carbon black in acid solution. There are visible current
peaks in the redox region for carbon black after oxidation treatment
for 48 h (Figure S1b). These peaks indicate the surface oxide
formation due to the hydroquinone-quinone (HQ-Q) redox couple on
the carbon black surface. In contrast, ZrC has almost no change in
the redox region. The electrochemical stability measurement
confirms that ZrC is more resistant to electrochemical oxidation than
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carbon black (Figure Sla), consistent with previous results.*
Support materials with higher oxidation resistance can hinder Pt NPs
agglomeration caused by corrosion of the support, resulting in
enhanced durability of the Pt catalyst.’>*® The morphology of ALD-
Pt/ZrC is shown in Figure 1. Transmission electron microscopy
(TEM) images clearly reveal that uniform Pt NPs are homogenously
distributed on the ZrC support. The size of Pt NPs on ZrC is around
2-4 nm with narrow size distribution and the average size of Pt NPs
is 3.2 nm in diameter, which is close to that of Pt NPs (3.4 nm) of
CW-Pt/ZrC prepared from conventional chemical reduction method
(Figure S2). The formation of ALD-Pt nanoparticles instead of
continuous film are attributed to the following reasons: the limited
appropriate surface nucleation site (functional groups) of the surface
of ZrC for the reaction with Pt ALD reactants,? the difference of
surface energy between Pt and substrates® and the natural tendency
of noble metal atoms to diffuse and agglomerate.”® Interestingly,
ALD-Pt NPs are hemispherical shape of the particles (marked with
cycles) instead of spherical shape formed in CW-Pt/ZrC. Similar
hemispherical particles were observed in the other ceramic-
supported precious metal catalysts. > *° Furthermore, ALD-Pt NPs
bonded directly to the ZrC without any transition layers. We also
found the lattice array of Pt {111} matches that of the ZrC
{111} support (see the inset in Figure 1b). This interfacial
morphology suggests that the chemical interactions between
platinum and ZrC is unusually strong.*"** The Pt loading for ALD-
Pt/ZrC and CW-Pt/ZrC catalysts are determined to be 19 wt% and
23 wt% respectively by inductively coupled plasma-optical emission
spectroscopy (ICP-OES).

a)

Figure 1. TEM images of the ALD-Pt/ZrC catalyst: (a) low-
magnification TEM of ALD-Pt/ZrC, (b) high-magnification TEM of
ALD-Pt/ZrC.

X-ray absorption spectroscopy was used to identify the properties of
Pt/ZrC catalysts prepared by different synthesis methods. Figure 2.
shows X-ray absorption near edge structures (XANES) spectra for
both Pt L; and L, edge of ZrC supported Pt NPs. Pt foil is also
analyzed for comparison. The whiteline (WL) in Pt L, and L; edges
arises from the dominant 2p;, and 2p;, transition to 5d;, and
5ds;n3, respectively (dipole selection rule: Al = 1, Aj = 1,
0),indicating the

Table 1. Summarizes the Pt L3 and Pt L2 edge threshold and WL

presence of unoccupied densities of states of Pt 5ds, and 5d;,
character in the samples.*> ** There is no significant change in the
threshold energy (E) and the maximum energy (Ec.) of the Pt L,
edge for the Pt/ZrC catalysts compared to the Pt foil, indicating the
metallic nature of the deposited Pt catalysts (Figure 2a). The
intensity of Pt Ly WL shows differences between the samples. The
intensity of Pt Ly WL is a qualitative indicator of electron vacancies
in the 5d orbitals of Pt atoms. The change in the WL intensity at Pt
Ls-edge of different samples is as follows: Pt foil < ALD-Pt/ZrC <
CW-Pt/ZrC. The corresponding L, edge WL (Figure 2b) showed a
similar trend as that of the Pt L; edge in E,c, and E. The change in
Pt L, WL intensity of the samples is as follows: Pt foil < CW-Pt/ZrC
< ALD-Pt/ZrC. According to the literature,* *>*° the changes in the
WL intensity could be caused by size effects and/or electronic
effects. The particle sizes of ALD-Pt/ZrC and CW-Pt/ZrC were
similar; thus, the changes in the WL intensity for these catalyst
samples are primarily a manifestation of electronic effects that
induce changes in the d-band vacancy of Pt.*’ In order to understand
the effect of the unoccupied
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Figure 2. Normalized XANES spectra of Pt nanoparticles on
composite catalyst support at (a) the Pt L; edge and (b) the Pt L,
edge.(c) Schematic illustration of ALD-Pt growth on ZrC support.

densities of 5d states of Pt NPs on ZrC by different synthesis
methods, quantitative WL analysis has been conducted on the basis
of a reported method *>***® (see details in Supporting Information).
These results indicated that ALD-Pt/ZrC catalyst has higher total
unoccupied density of states of Pt 5d character compared with CW-
Pt/ZrC, indicating that the interactions between Pt and ZrC support
by ALD is higher than that of CW-Pt/ZrC prepared from
conventional chemical reduction method. This important difference
in SMSIs is attributed to the different synthesis mechanism of Pt
NPs. ALD is a thin film deposition technique based on sequential
and self-limiting surface reactions.”* % ***! As shown in Figure 2c,
the Pt precursor (MeCpPtMe;) was first deposited on the surface of
ZrC and there is the very strong chemical interacton between Pt
precursor and ZrC.** > The first layer of Pt atoms is embedded into
the ZrC support due to the high temperature (250°C).

Samples Pt L; edge WL | Pt L, edge WL |
Eo(eV) Epea(eV) [(eV) AA; Eo(eV) EpeayeV) T(eV) AA; hsi2 hap
Pt Foil 11564  11566.4 4.4 6.8 13273 13277 2.2 2.27 0.634211 0.105553
ALD-Pt/ZrC | 11564  11566.4 5.5 6.87 13273 13276.8 3.9 4.89 0.620616 0.227381
CW-PtZrC | 11564 11566.4 5.1 6.89 132729 13277.1 4.4 3.63 0.632293 0.168792
parameters.
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With additional cycling, Pt clusters begin to form on the first layer of
embedded Pt atoms, finally leading to growth of Pt NPs on the
surface of ZrC. The shape of the metal NPs is usually controlled by
the interfacial free energy and the surface free energy of the
support.®® Therefore, there are strong interactions between ALD-Pt
hemispherical particles and the ZrC support at the embedded Pt-ZrC
interfaces,”® as evidenced by the combined results of HRTEM and
XANES. For CW-Pt/ZrC catalyst, synthesized by conventional
chemical reduction method, the spherical shape of the Pt NPs first
forms in solution and then they are deposited on the surface of ZrC
support, mainly through physical adsorption. This results in weak
interactions between Pt and the ZrC support. Using ALD to grow the
Pt nanoparticles holds an advantage over conventional wet chemical
reduction as it can improve the interactions between metal and
support through precise control of the metal-support interface at
atomic level.

ORR measurements were performed in O,-saturated 0.5 MH,SO,
electrolyte using a thin film catalyst deposited onto a glassy carbon
rotating-disk electrode (RDE). Figure S3 showed sufficient
electronic conductivity was ensured by adding 20 wt%
VulcanXC72R to the ZrC supported Pt catalysts to prepare the ink as
previous study.® RDE experiments were performed to reveal the
ORR kinetics of ALD-Pt/ZrC and CW-Pt/ZrC nanocomposites in
comparison with the benchmark commercial Pt on carbon black
catalyst (Pt/C) (Figure 3). The half wave potential (E;;) of each
catalyst was estimated by determining the maxima of the derivatives
of the reduction current. ALD-Pt/ZrC nanocomposites is the most
active catalyst, yielding the highest E,;, value of 0.858V, which is
higher than CW-Pt/ZrC nanocomposites (E;,: 0.839V), and Pt/C
(E12:0.818 V). It is obvious that ALD-Pt/ZrC nanocomposites have
better electrocatalytic activity toward ORR than CW-Pt/ZrC
nanocomposites and Pt/C catalysts. The ORR mass activity (based
on Pt loading) and specific activity (based on electrochemical
surface area (ECSA); see details in Supporting Information) of the
tested catalysts are calculated and shown in Figure 3b. The ORR
specific activity of different nanocomposites increases in the order
ALD- Pt/ZrC> CW-Pt/ZrC >Pt/C at the potential of 0.90 V. The
higher ORR activity of ALD Pt/ZrC nanocomposites compared to
CW-Pt/ZrC and Pt/C can be related to many factors, including
geometric®® and electronic effects® . The structure and particle size
of Pt nanoparticles in all electrocatalysts are relatively similar. Thus,
it is likely that the ORR enhancement of ALD Pt/ZrC
nanocomposites is due to the change in the electronic structure of Pt
nanoparticles deposited on ZrC using ALD. This is an indication of
stronger metal support interaction between ALD Pt and ZrC support
compared to CW-Pt. The surfaces with the best ORR activities
should have an intermediate oxygen binding energy. Too weak
oxygen binding energies impede O-O bond cleavage, while too
strong binding energies that are inhibit the formation of O-H bonds
and instead facilitate H,O, formation.*® The changes in the electronic
structure of ALD-Pt facilitate the transition of the adsorbed OH to
water by the modification of the binding energy of the oxygen-
containing species.®’ The ALD-Pt/ZrC nanocomposites exhibited a
specific activity of 0.23 mA/cm” at 0.9 V, which was 2.8 times
greater than that of Pt/C (0.08 mA/cm?). After normalized to the
loading amount of Pt metal, the mass activity of ALD-Pt/ZrC

This journal is © The Royal Society of Chemistry 2012
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nanocomposites was found to be 0.12 A/mgp,, which was 3.0 times
greater than that of Pt/C (0.04 A/mgp,) (Figure 3b).
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Figure 3. (a) ORR curves of electrodes made from ALD-Pt/ZrC
nanocomposties, CW-Pt/ZrC nanocomposties and E-TEK Pt/C
catalysts in an Os-saturated 0.5M H,SO, solution at room
temperature (1600rpm, sweep rate: 10 mVs™). (b) specific activity
and mass activity at 09V (vs. RHE) for ALD-Pv/ZrC
nanocomposties, CW-Pt/ZrC nanocomposties and E-TEK Pt/C
catalysts.

0.6 and 1.2 V vs. RHE at a scan rate of 50 mVs™. The Pt ECSA
values of catalysts after potential cycling were calculated from their
CVs (Figure S4-6) and the normalized ECSA was plotted as a
function of the cycle number (Figure 4a). After 4000 cycles, the
ALD-Pt/ZrC nanocomposites lost only 17 % of its initial ECSA,
whereas the Pt ECSA of the CW-Pt/ZrC nanocomposites and Pt/C
decreased by 52% and 78% respectively. This finding demonstrated
that the ALD-Pt/ZrC nanocomposites were almost 5-fold more stable
than Pt/C and more than 3-fold more stable than CW-Pt/ZrC
nanocomposites. ALD-Pt/ZrC catalyst also show higher stability
compared with other reported ceramic supported catalysts as shown
in Figure S7. The ORR activities after ADT test were also measured
for all catalysts in O,-staturated H,SO, electrolyte. The polarization
curves of CW-Pt/ZrC (Figure S5b) and Pt/C (Figure S6b)
nanocomposites show more obvious current drop and more negative
onset potentials after ADT, while there is less change for ALD-
Pt/ZrC (Figure S4b). After ADT, the mass activity of ALD- Pt/ZrC
nanocomposites at 0.9V are 0.09 A/mg , while mass activities for
CW-Pt/ZrC and Pt/C are 0.03 A/mg and 0.01 A/mg, respectively
(Figure 4b). The mass activity of ALD-Pt/ZrC nanocomposites after
ADT is about 9 times higher than that of Pt/C.
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Figure 4. (a) Loss of electrochemical surface area (ECSA) of ALD-
Pt/ZrC nanocomposties, CW-Pt/ZrC nanocomposties and E-TEK
Pt/C catalysts as a function of cycling numbers. (b) Mass activity at
0.9 V (vs. RHE) for ALD-Pt/ZrC nanocomposties, CW-Pt/ZrC
nanocomposties and E-TEK Pt/C catalysts before and after ADT.

CW-PUZIC PUC

The morphologies of the ALD-Pt/ZrC, CW-Pt/ZrC and Pt/C
nanocomposites before and after ADT were examined by TEM.
After the ADT test, the size of the Pt NPs in the Pt/C catalyst
increased from 3-5 to 7-25 nm with a broad size distribution (Figure
S8), indicating that serious ripening or aggregation of the Pt NPs
occurred during the CV cycling. In contrast, after the ADT, the size
of the Pt NPs in the ALD-Pt/ZrC nanocomposites increased from 3-5
to 3-7 nm with a narrow size distribution (Figure 1 and Figure S9),
suggesting that ALD-Pt/ZrC is more electrochemically stable than
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the Pt/C catalyst. The Pt NPs of CW-Pt/ZrC nanocomposites grow in
size from 3-5 to 4-12 nm after the ADT as shown in Figure S2,
consistent with the observed decrease in ECSA for this material.

The high activity of ALD-Pt/ZrC nanocomposites could be
attributed to the synergetic effects between Pt and ZrC support such
as the electronic structure change of Pt confirmed by results of
XANES analysis, which may facilitate the catalysis of the ORR.'” In
general, the Pt ECSA decreases through (1) Ostwald ripening,®* (2)
coalescence of Pt NPs by Pt nanocrystal migration due to weak
interactions of Pt NPs and support,®  and (3) Pt NPs agglomeration
caused by corrosion of the support material.** ®> The greatly-
enhanced ORR stability of the ALD-Pt/ZrC nanocomposites may
arise from the excellent stability of the ZrC support and the SMSIs
between the ALD-Pt NPs and the support that impede Pt migration.
The results of the electrochemical tests showing enhanced ORR
activity and durability can be well explained by the findings of the
XANES analysis.

In summary, we have developed a robust Pt/ZrC catalyst by ALD
that exhibits very high activity and durability towards ORR
compared with Pt/ZrC prepared by conventional chemical reduction
method and commercial Pt/C (E-TEK) catalysts. By using ALD to
grow the Pt nanopaticles, we take advantage of the SMSIs at the
atomic level between the Pt and ZrC, which are not present when
NPs are deposited by conventional methods because of primarily
physical adsorption at the surface. Our results suggest that ALD-Pt
/ZxC catalysts show noticeable change in the electronic structure of
Pt due to strong interactions with ZrC support enabled by ALD.
ALD-Pt/ZrC nanocomposites show almost 5-fold more stable than
Pt/C and more than 3-fold more stable than CW-Pt/ZrC
nanocomposites. In a broader sense, this technique may prove
extremely useful when complex synthesis and precise control of
composite materials is needed. The results of this work provide a
reliable way for future design of electro-catalysts with improved,
strong interactions between metal NPs and the support materials.
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Graphical abstract

The metal-support interactions was enhanced by the atomic layer deposition through
precisely controlling the metal-support interface at the atomic level.
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Broader context

Fuel cells are a promising solution for clean energy technology because they offers high
energy conversion efficiency and low emission of pollutants. However, low activity and
the instability of platinum (Pt) are considerable challenges for widespread adoption of
proton exchange membrane fuel cells in practical applications. Moreover, the corrosion
of carbon support and the weak interaction between Pt and support in the catalysts is one
of the major factors affecting their stability. Herein, we used the advanced atomic layer
deposition (ALD) technique to stabilize Pt catalysts by increasing the Pt-support
interactions through precisely controlling the metal-support interface at the atomic level.
More corrosion-resistant zirconium carbide (ZrC) was used as support for deposition of
ALD Pt to promote Pt ORR activity. ALD-Pt/ZrC catalyst exhibited very high activity
and durability towards ORR compared with CW-Pt/ZrC (synthesized by a conventional
chemical reduction method) and commercial Pt/C (E-TEK) catalysts. More importantly,
the advanced characterization technique X-ray absorption near edge structures (XANES)
indicated a direct and solid evidence of the existence of strong interactions between
ALD-Pt NPs and ZrC enabled by ALD. The results of this work provide insights for
future design of electrocatalysts with high stability through increased interactions
between catalyst particle and support.



