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amphoteric substance, which reacts with both acids and bases. 
To achieve superior control using ALD, area-selective deposi-
tion can be done, taking advantage of the high sensitivity of 
the process to substrate surface conditions. [ 11b , 12 ]  Doing this 
requires surface functional groups to be manipulated or pat-
terned in advance of material deposition, resulting in area-
selective ALD. The materials are deposited only where needed 
using area-selective ALD, which avoids blocking the active site 
of catalysts by deposited materials. 

 The use of highly stable supports is another way to improve 
Pt stability. Numerous investigations have been carried out to 
improve the activity and durability of Pt catalysts. For instance, 
much effort has been devoted to develop novel durable catalyst 
support materials such as nitrogen-doped carbon nanotube 
(NCNT), [ 13 ]  and ceramic support. [ 1c , 14 ]  Recently, NCNTs have 
been reported as support materials in fuel cell catalysts. [ 5b , 15 ]  
NCNTs not only exhibit higher electrochemical corrosion resist-
ance than carbon black [ 13 ]  but also improve Pt catalytic activity 
toward ORR. [ 16 ]  In addition, it has been proven that the NCNT 
can favor the ALD process due to their defective surface, which 
is an ideal support for the growth of ALD metal or metal 
oxide. [ 17 ]  

 Here, we demonstrate a facile approach to stabilize Pt cata-
lysts encapsulated in stable zirconia nanocages by area-selective 
ALD. The Pt NPs were encapsulated in zirconia nanocages to 
enhance Pt stability and activity. An outline of the synthetic 
strategy for the Pt encapsulated in zirconia nanocage is depicted 
in  Figure    1  . Pt NPs were initially deposited on NCNT by ALD, 
followed by the application of a blocking agent (oleylamine) to 
the Pt NPs surface. ALD zirconia selectively grew around the 
Pt NPs, but was not deposited on the Pt surface due to the 
blocking agent. A nanocage structure may be formed by pre-
cisely controlling the ALD metal oxide layers. The prepared Pt 
catalyst encapsulated in zirconia nanocages showed very high 
stability and activity toward oxygen reduction. 

  A Pt/NCNT catalyst was prepared by 100 ALD cycles, 
resulting in highly disperse and uniform Pt NPs on the sup-
port surface. The Pt particles were about 1–3 nm in diam-
eter with an average size of 1.8 nm (Supporting Information, 
Figure S1). The morphology of ALD ZrO 2  with different cycles 
on Pt/NCNT is shown in  Figure    2  . At 20 cycles of ALD ZrO 2 , 
the ZrO 2  NPs grew around the Pt NPs and were not directly 
deposited on Pt surface due to the blocking agent (Figure  2 a–c). 
With 30 cycles, the ZrO 2  NPs grew larger (Figure  2 d–f), while 
the nanocage structure formed at 50 cycles (Figure  2 g–i). An 
open, or holey nanocage can be formed through the precise 

  Polymer electrolyte fuel cells (PEFCs) are promising alternative 
power sources for transportation and portable applications due 
to their high effi ciency, near room temperature operation, and 
zero emissions. [ 1 ]  Pt is the most effective catalyst to facilitate 
both hydrogen oxidation and oxygen reduction in PEFCs. [ 2 ]  In 
order to effectively utilize this expensive metal, Pt nanoparti-
cles (NPs) are often supported on substrates such as oxides and 
carbon materials. However, Pt catalysts at the cathode operate 
under severe conditions, such as low pH (<1), high oxygen con-
centration, high humidity, and at high potentials (≈0.6–1.2 V). [ 3 ]  
Pt catalysts are thus seriously deactivated under such severe 
conditions, resulting in the loss of Pt performance due to Pt 
NP agglomeration caused by easy migration of the particles on 
the supports. [ 1c , 4 ]  The inherently sluggish kinetics of the oxygen 
reduction reaction (ORR) and instability of Pt at the cathode 
are the big challenges for widespread commercialization of 
PEFCs. [ 5 ]  Thus, there is a signifi cant need for highly active and 
durable Pt catalysts that can withstand the harsh conditions 
and prevent performance loss due to particle migration and 
agglomeration. 

 The migration of supported metal NPs can be inhibited 
through steric stabilization by layers of porous inorganic oxide 
such as zirconia, [ 6 ]  silica, [ 7 ]  or tin oxide. [ 8 ]  This is an attractive 
way to enhance the stability of metal NPs. However, it is still 
challenging to precisely control the thickness of porous over-
layers, and the poorly porous layers lead to a decrease in cata-
lytic activity from mass transfer resistance. [ 9 ]  In addition, the 
poor porous layers cover some surface of the catalyst, resulting 
in a loss of catalytic activity. Recently, porous alumina layers 
deposited by atomic layer deposition (ALD) have gained con-
siderable attention, [ 10 ]  because it can precisely control alumina 
layer thickness to stabilize supported metal particles based on 
sequential and self-limiting surface reactions. [ 9,11 ]  However, 
alumina is unsuitable for many applications because it is an 
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control achieved by ALD cycling, as shown in Figure  1 . The 
holey nanocages (marked with white circles) were found from 
HRTEM image, as shown in Figure  2 h,i. The ZrO 2 -Pt struc-
tures were further characterized using scanning transition elec-
tron microscopy (STEM) with energy dispersive X-ray spectros-
copy (EDX) and EDS line-scanning. It was observed that white 
spots are Pt NPs surrounded by light grey ZrO 2  on the surface 
of NCNT (Supporting Information, Figure S2). The EDX line-
scanning further confi rmed that the light gray ZrO 2  is around 
the white Pt NPs (Supporting Information, Figure S3). 

  The thermal stability of ALD ZrO 2 -Pt/NCNT catalysts with 
different ALD cycles of ZrO 2  was studied by subjecting the 
samples to calcination at temperatures of 400 and 600 °C for 
2 h. From STEM images, it is obvious that the sinter resist-
ance of the supported Pt NPs was enhanced with the coverage 
of ZrO 2  (Supporting Information, Figure S4). For ALD20ZrO 2 -
Pt/NCNT, the average size of Pt NPs increased from 1.8 nm 
to about 3.6 nm and 4.2 nm at 400 and 600 °C for 2 h, respec-
tively (Figure S4b,c). The average size of Pt NPs increased 
slightly to 2.3 and 2.7 nm for ALD30ZrO 2 -Pt/NCNT at 400 and 
600 °C, respectively (Figure S4e,f). For ALD50ZrO 2 -Pt/NCNT, 

however, the supported Pt NPs were successfully stabilized up 
to 600 °C (Figure S4h,i), as demonstrated by retaining their 
average particle size of 2.0 nm. This clearly indicated that 
the zirconia nanocage can effectively prevent supported NPs 
from sintering and agglomeration. The XRD data (Supporting 
Information, Figure S5) showed that ALDPt NPs have a face-
centered cubic (fcc) crystal structure [ 18 ]  and zirconia nanocage 
is the tetragonal crystalline ZrO 2 , which is consistent with the 
results of previous work. [ 17c ]  

 We investigated the effects of the zirconia nanocage struc-
ture on ALDPt/NCNT electrochemical stability for use as cata-
lysts for ORR in PEFCs. The prepared catalysts were tested in 
an acidic solution and compared with benchmarks of ALDPt/
NCNT without zirconia nanocage and commercial Pt on carbon 
black catalyst (E-TEK 30%Pt/C). The accelerated durability tests 
(ADT) of the catalysts were conducted using a thin-fi lm catalyst 
deposited onto a glassy carbon rotating-disk electrode. The elec-
trode potential was cycled between 0.6 and 1.2 V versus RHE at 
a scan rate of 50 mV s −1  in O 2 -staturated 0.5  M  H 2 SO 4  electrolyte. 
The electrochemical surface area (ECSA) of the Pt after poten-
tial cycling was calculated for each sample from their CVs (Sup-
porting Information, Figure S6a–c) and plotted as a function 
of the cycle number ( Figure    3  a). Interestingly, the Pt activity of 
ALD50ZrO 2 -Pt/NCNT600 °C catalysts increased with the poten-
tial cycling and revealed the highest activity after 500 potential 
cycling due to the surfaces of Pt NPs covered with impurities 
such as carbon resulting from removal of blocking agent on Pt 
surface. The impurities on the Pt metal surface were removed 
during potential cycling. [ 19 ]  After 4000 cycles, the ALD50ZrO 2 -
Pt/NCNT600 °C catalysts lost only about 8% of its initial ECSA, 
whereas the ALDPt/NCNT without ALDZrO 2  deposition lost 
almost 74% of its initial Pt ECSA. The ECSA of the Pt/C catalyst 
decreased by 82% with the same cycling. This fi nding demon-

strated that the ALD50ZrO 2 -Pt/NCNT600 °C 
catalyst was nine times and ten times more 
stable than ALDPt/NCNT and Pt/C catalysts, 
respectively. ALD50ZrO 2 -Pt/NCNT600 °C 
catalysts also show higher stability compared 
with other reported catalysts, as shown in 
Figure S7 in the Supporting Information. 
The high stability of Pt NPs encapsulated in 
zirconia nanocage should be attributed to the 
unique structure of the catalyst in this work. 
The detailed advantage of the structure of 
Pt NPs encapsulated in zirconia nanocage 
will be discussed subsequently. 

  The ORR activities were also measured 
for all catalysts in O 2 -saturated 0.5  M  H 2 SO 4  
electrolyte before and after ADT (Figure  3 b,c, 
and Supporting Information, Figure 6Sd,e). 
The ORR mass activity (based on Pt loading) 
of the tested catalysts were calculated and are 
shown in Figure  3 b. For fresh catalysts, the 
ORR specifi c activity of different catalysts 
increases in the order Pt/C < ALDPt/NCNT < 
ALD50ZrO 2 -Pt/NCNT600 °C at 0.90 V versus 
RHE. The ALD50ZrO 2 -Pt/NCNT600 °C cata-
lyst exhibited a mass activity of 0.28 A m g −1  
at 0.9 V, which was 1.4 and 6.4 times 
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 Figure 1.    Schematic diagram of platinum encapsulated in zirconia 
nanocages structure fabricated by area-selective ALD.

 Figure 2.    a,d,g) TEM and b,c,e,f,h,i) HRTEM images of ALD ZrO 2 -Pt/NCNT catalysts with (a–c) 
20 cycles, (d–f) 30 cycles, and (g–i) 50 cycles of ALD ZrO 2 .
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greater than that of ALDPt/NCNT (0.20 A m g −1 ) and 
Pt/C (0.044 A m g −1 ), respectively. Figure S6 in the Supporting 
Information shows the polarization curves of the ALDPt/NCNT 
(Figure S6d) and Pt/C (Figure S6e) catalysts that clearly indicate 
a considerable current drop after the ADT, while there is almost 
no change for ALD50ZrO 2 -Pt/NCNT600 °C (Figure  3 c). After 
ADT, the mass activity of ALD50ZrO 2 -Pt/NCNT600 °C at 0.9 V 
is 0.27 A m g −1 , while ALDPt/NCNT and Pt/C have 0.054 and 
0.015 A m g −1  (Figure  3 b). The mass activity of ALD50ZrO 2 -Pt/
NCNT600 °C is almost 5 and 18 times higher than that of Pt/
NCNT and Pt/C catalysts, respectively, after ADT. 

 The morphology changes of the ALD50ZrO 2 -Pt/
NCNT600 °C, ALDPt/NCNT, and Pt/C catalysts after ADT were 
examined by TEM and STEM. After ADT, the size of the Pt NPs 
in the Pt/C catalyst increased from 3.9 to 8.1 nm (Supporting 
Information, Figure S8), indicating that serious ripening or 
aggregation of the Pt NPs occurred during the CV cycling. The 
average Pt particle size of ALDPt/CNT was changed from 1.8 
to 6.5 nm during the durability tests (Supporting Information, 
Figure S9). In contrast, after ADT, the size of the Pt NPs in 
the ALD50ZrO 2 -Pt/NCNT600 °C was 2.2 nm and underwent 
almost no change (Supporting Information, Figure S4i and 
Figure  3 d), suggesting that the zirconia nanocages stabilized 
the Pt NPs during potential cycling. 

 Using area-selective ALD-synthesized ZrO 2  nanocage is a 
very effective approach to stabilize Pt NPs based on the results 
from the thermal stability and electrochemical stability tests. 

However, it is very important to precisely control the thickness 
of ZrO 2  to form a holey nanocage by ALD. A nanocage struc-
ture, with holes, can be synthesized through 50 ALD cycles. 
The closed nanocage can be formed with increase in ALD 
cycles, which decrease the Pt activity (Supporting Information, 
Figure S10 and S11). As shown in Figure S10, the deposited 
ZrO 2  almost totally covered the surface of ALDPt/NCNT and 
closed nanocage formed at 90 cycles. The closed metal oxide 
nanocage hinders reactants such as oxygen and protons to reach 
the surface of the Pt catalyst, resulting in the low activity of Pt 
catalysts as shown in Figure S11. In addition, the annealing 
temperature affects the stability of Pt NPs encapsulated in 
zirconia nanocage, as shown in Figure S12 in the Supporting 
Information, because the annealing procedure can smooth out 
the surface of the catalyst to remove the defects or the under-
coordinated sites most prone to corrosion. [ 20 ]  The blocking agent 
also plays a very important role on activity of Pt. When direct 
deposition of ZrO 2  on ALDPt/NCNT without agent block, the 
deposited ZrO 2  block some of the active site of Pt NPs, leading 
to a decrease in the activity of Pt NPs although improved dura-
bility of Pt catalysts (Supporting Information, Figure S13). 

 Previous studies have been shown that metal oxides not 
only improve the activity of Pt NPs toward ORR due to syner-
getic effects between Pt and metal oxides [ 1c , 21 ]  but also enhance 
the durability of Pt catalysts through the strong metal sup-
port interactions with Pt. [ 22 ]  Compared with ALDPt/NCNT 
and Pt/C catalysts, the enhanced activity of Pt encapsulated in 
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 Figure 3.    a) Loss of electrochemical surface area (ECSA) of ALDPt/NCNT, ALD50ZrO 2 -Pt/NCNT600 °C, and E-TEK Pt/C catalysts as a function of 
cycling numbers. b) Mass activity at 0.9 V (vs RHE) for ALD Pt/NCNT, ALD50ZrO 2 -Pt/NCNT600 °C, and E-TEK Pt/C catalysts. ALD Pt/NCNT and E-TEK 
Pt/C catalysts after 50-cycle electrochemical activation act as fresh catalysts. ALD50ZrO 2 -Pt/NCNT600 °C after 500-cycle electrochemical activation acts 
as a fresh catalyst. c) ORR curves of electrodes made from ALD50ZrO 2 -Pt/NCNT600 °C in an O 2 -saturated 0.5  M  H 2 SO 4  solution at room temperature 
(1600 rpm, sweep rate: 10 mV s −1 ) during the durability tests. d) STEM image of ALD50ZrO 2 -Pt/NCNT600 °C after ADT.
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the synergetic effects of Pt and ZrO 2 . In general, the Pt ECSA 
decreases through: i) Ostwald ripening, i.e., dissolution of the 
cationic Pt species from the small Pt metal particles and rede-
position on large metal particles, [ 3b ]  ii) coalescence of Pt NPs by 
Pt nanocrystal migration because of weak interactions between 
Pt and support, [ 23 ]  and iii) Pt NP agglomeration caused by cor-
rosion of the support material. [ 22b , 22c ]  Compared with ALDPt/
NCNT and Pt/C catalysts, the increased stability of ALD50ZrO 2 -
Pt/NCNT600 °C should be attributed to the presence of the zir-
conia nanocage. The Pt NPs were encapsulated in nanocages, 
which could prevent the Pt NPs migration and agglomeration 
due to the otherwise weak interaction of Pt NPs and support, 
and corrosion of the support material. In addition, the diffu-
sion of dissolved Pt species out of the zirconia nanocage can be 
prevented and instead the dissolved Pt species redeposit on the 
original Pt metal particles due to the Pt metal particles encap-
sulated in the zirconia nanocage during potential cycling. [ 7c ]  
Furthermore, as discussed above, the annealing procedure can 
smooth out the surface of the catalyst to remove the defects or 
the undercoordinated sites most prone to corrosion. [ 20 ]  

 In summary, we have demonstrated a facile approach to 
stabilize Pt catalysts encapsulated in a zirconia nanocage by 
area-selective ALD. The Pt NPs encapsulated in the zirconia 
nanocage indicated very high stability and activity toward 
the ORR in acidic media. Pt NPs encapsulated in a zirconia 
nanocage show nine and ten times more stability than ALDPt/
NCNT and Pt/C catalysts, respectively. Our novel catalyst also 
exhibited an ORR activity 1.4 and 6.4 times greater than that 
of ALDPt/NCNT and Pt/C, respectively. These remarkable 
improvements in stability in this novel catalyst are attributed 
to the presence of the zirconia nanocages, which prevent Pt NP 
migration and agglomeration on the support. In addition, it is 
suggested that the enhanced activity of Pt encapsulated in zir-
conia nanocages was mainly due to the small size Pt NPs and 
the synergetic effects of Pt and ZrO 2 . Additionally, the catalyst 
of Pt NPs encapsulated in the zirconia nanocage exhibited sig-
nifi cantly enhanced resistance to sintering up to 600 °C. We 
believe that the general synthetic strategy presented here can be 
extended to other catalytic systems with different compositions.  
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