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ABSTRACT: In this study, atomic layer deposition (ALD) was used to deposit
nanostructured palladium on porous carbon as the cathode material for Li—O,
cells. Scanning transmission electron microscopy showed discrete crystalline
nanoparticles decorating the surface of the porous carbon support, where the
size could be controlled in the range of 2—8 nm and depended on the number
of Pd ALD cycles performed. X-ray absorption spectroscopy at the Pd K-edge
revealed that the carbon supported Pd existed in a mixed phase of metallic
palladium and palladium oxide. The conformality of ALD allowed us to
uniformly disperse the Pd catalyst onto the carbon support while preserving the
initial porous structure. As a result, the charging and discharging performance of |
the oxygen cathode in a Li—O, cell was improved. Our results suggest that ALD
is a promising technique for tailoring the surface composition and structure of
nanoporous supports in energy storage devices.
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he Li—O, battery is currently the subject of intense to accelerate the electrochemical reactions. However, larger
scientific investigation due to the extremely high surface areas do not always yield larger specific capacities, as has
theoretical energy density of 12 kWh/kg, which far exceeds been shown in a previous study by Kuboki et al.>® In our recent
that of any other existing energy storage technology.l_22 The work on MnO, catalysts for Li—O, batteries, we also
tremendous theoretical energy density results from using demonstrated the effects of the cathode porosity on the

lithium metal as the anode, and from utilizing ambient oxygen
as the cathode oxidant, eliminating the need for an on-board
oxygen source and the associated weight penalty. In the Li—O,
battery, the oxygen electrode should be porous to store the
solid products generated from the reaction of Li ions with O,
during the discharge, and it must integrate a catalyst to promote
this reaction. It has been found that a variety of factors dictate
the extent of electrochemical (discharge and charge) reactions
in Li—0O, cells including the nature of the catalyst, the catalyst
distribution on the porous cathode, the pore volume of the
cathode, as well as the type of the applied organic electro-

electrochemical performance, especially the cyclability of the
cell, by controlled experiments.27 These results illustrate the
importance of porosity and, in particular, the pore size. Larger
pores facilitate faster oxygen diffusion and provide the volume
necessary to accommodate the reduction products deposited
during discharge.

For practical applications, the Li—O, battery must be
rechargeable and these necessitates using a sufficiently high
potential or a catalyst to promote the electrochemical
reactions.”* However, high overpotentials on charge and

lytes_6,16,17,23—25 The design of the oxygen electrode is therefore discharge, even at very low current densities of 0.01—0.05
critical to realizing the full potential of the Li—O, cell.®
Both the surface area and porosity of the cathode are critical Received: May 19, 2013
for the performance of lithium—O, batteries. Larger surface Revised:  July 20, 2013
areas provide more catalyst particles and catalytically active sites Published: August 8, 2013
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Figure 1. (a) High-resolution XRD patterns of original SPL carbon and SPL carbon after being loaded with Pd catalyst using 3 and 10 cycles of Pd
ALD. (b) XANES spectra for 1c Pd (black solid line), 3c Pd (red solid line), 10c Pd (blue solid line), and XANES reference spectra for metallic Pd
foil reference (olive dashed line) and Pd oxide reference (magenta dashed line). (c) Pd oxide fraction of Pd/C samples, obtained using XANES
linear combination. (d) Fourier transform of X-ray absorption spectra (k% Ak = 2.8—11 A™"). Fitting this data provides the data in Table 1.

mA/cm?, result in very low round-trip efficiencies (<60%) and
low power capability. It is strongly believed to be dependent on
the nature of catalysts applied and their loading process onto
the high-surface-area cathode. Metals, metal complexes, and
metal oxides have all been examined as the cathode catalysts in
the Li—O, cells, and these catalysts show large differences in
discharge capacity and charge plateau.">'*~'7'%?%732 However,
it should be pointed out that in most of the cases these catalysts
are presynthesized and then dispersed onto the carbon support
by mechanical milling."******* This process can destroy the
porous structure of carbon, and is unable to distribute the
catalysts on the carbon support uniformly, both of which might
severely affect the charge/discharge properties of the oxygen
cathode. Consequently, a method is needed for dispersing
catalysts with well-controlled particle size uniformly onto the
carbon support.

Atomic layer deposition (ALD) is a technique for preparing
thin films on planar substrates that employs self-limiting
chemical reactions between gaseous precursors and a solid
surface allowing atomic scale control over the film thickness
and composition.”*** One of the distinguishing attributes of
ALD is the capability to deposit highly uniform and conformal
coatings on surfaces with complex topographies and to infiltrate
mesoporous materials.>**">* This feature is particularly
attractive for the synthesis of heterogeneous catalysts requiring
highly dispersed catalytic species on high surface area,
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mesoporous supports. Consequently, ALD is being explored
as an alternative method for preparing advanced catalysts.**~*

The layer-by-layer growth process afforded by ALD typically
yields smooth, uniform films, and this is ideal for most
microelectronics applications. However, nonuniform deposits
can occur when the ALD chemistry is inhibited on the starting
substrate or when the ALD material aggregates from surface
diffusion. Both of these mechanisms are in effect in the early
stages of noble metal ALD on oxide surfaces, which result in
the formation of discrete, three-dimensional nanoparticles
decorating the surface. This behavior has been exploited to
synthesize supported noble metal catalysts exhibiting remark-
ably high activity as a result of the highly dispersed, small noble
metal particles.**™* The good dispersion of the active particles
on the support during ALD enables a decrease of the metal
loading while still achieving the same catalytic activity as the
catalysts with higher metal loading prepared by other methods.
This is especially important with noble metal materials where
the excess use of the raw materials should be avoided. Uniform
palladium nanoparticles in the size range from subnanometer to
a few nanometers, one of the most efficient catalysts for
facilitating the oxygen reduction reaction (ORR) in the fuel
cell, have been synthesized by ALD on high surface area
supports.***** However, performing ALD on a porous
carbon surface in general has been a technical challenge because
of the lack of active sites on carbon for surface reactions, and
therefore has not been well studied.
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In this study, we demonstrate that uniformly dispersed Pd
nanoparticles onto a porous carbon support prepared by the
ALD process exhibit high electrochemical catalytic activity in a
Li—0, cell for the first time. Scanning transmission electron
microscopy (STEM) and X-ray absorption spectroscopy (XAS)
are used to characterize the structure and composition of the
ALD Pd/C electrocatalysts. The electrochemical activity of
these catalysts is determined using Swagelok-type Li—O, cells,
and results are compared with those obtained with a bare
porous carbon cathode.

The phase purity and crystal structure of the as-prepared
ALD Pd/C samples were characterized by high-energy X-ray
diffraction (XRD), and the results for the 3-cycle and 10-cycle
samples are presented in Figure 1la along with the XRD pattern
for the original super P Li (SPL) carbon for comparison. With
the exception of the SPL carbon peaks, all the peaks for the 10-
cycle ALD Pd/C sample in Figure la can be readily indexed to
a pure fcc structure with the lattice constant a = 3.89 A, in good
agreement with the reported value for Pd found in the
inorganic crystal structure database (ICSD). The average grain
size for the 10-cycle ALD Pd/C sample is estimated by the
Scherrer equation to be ~7 nm, which is further confirmed by
the TEM analysis described below. It was difficult to identify Pd
in the 1-cycle and 3-cycle ALD Pd/C samples using XRD due
to the relatively low Pd loading. However, Pd in 1-cycle and 3-
cycle ALD Pd/C samples can be readily detected using TEM
and EXAFS, as demonstrated below.

Representative STEM images of the 1-cycle, 3-cycle, and 10-
cycle ALD Pd/C samples are illustrated in Figure 2a—c,
respectively. Well-dispersed and uniform Pd nanoparticles were
prepared over the SPL carbon after 1 cycle and 3 cycles of Pd
ALD. However, the 10-cycle sample shows agglomerated Pd
nanoparticles (Figure 2c). The average size of Pd nanoparticles
was determined from multiple images recorded for each sample
to be 2.6, 5.5, and 8 nm following 1, 3 and 10 ALD cycles of Pd,
respectively, as shown in Figure 2e. In comparison to published
literature, the average sizes of Pd nanoparticles on the porous
carbon are larger than those on metal oxide surfaces prepared
using similar conditions. For instance, on alumina (ALO;), 1
ALD cycle of Pd at 200 °C yields Pd nanoparticles with a
diameter of ~1 nm.**° Only after 25 ALD cycles of Pd does
the nanoparticle size increase to 2.9 + 0.9 nm.”® Moreover, the
metal oxide surfaces yield a higher density of Pd nanoparticles
compared to the SPL carbon. These results suggest that there
are fewer nucleation sites for the Pd ALD on the SPL carbon as
compared to metal oxides, and that Pd diffuses more rapidly on
the carbon, yielding a smaller number of larger particles.
Nevertheless, the Pd coverage on the carbon surface is very
uniform, as supported by the SEM EDX mapping images
(Supporting Information, Figure S1). Figure 2d shows a high-
resolution transmission electron microscopy (TEM) image for
a ~5.5 nm Pd/C sample, where lattice fringes for the metal
nanoparticles are clearly visible. The nanoparticles show lattice
fringes of ~0.23 nm, which is consistent with the d-spacing for
the Pd [111] plane’’ These TEM images provide direct
evidence that the metal nanoparticles are well crystalline and
faceted. In addition, SEM images (Supporting Information,
Figure S2) on the samples before and after Pd ALD reveal that
the porous structure of the carbon is well preserved during the
Pd ALD, which is critical to achieve high performance in Li—O,
cells.

The chemical composition of the Pd nanoparticles was
determined using linear combination fitting of X-ray absorption
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Figure 2. STEM images of (a) 1c Pd/C, (b) 3c Pd/C, and (c) 10c Pd/
C. (d) HRTEM of a Pd nanoparticle ~5.5 nm in diameter prepared by
ALD supported over carbon. (e) Pd particle size as a function of ALD
cycles.

near edge structure (XANES) spectra recorded in air at room
temperature. To facilitate these measurements, XANES
reference spectra were recorded for a Pd foil and a PdO
standard, as shown in Figure 1b. The XANES spectra of 1c, 3¢,
and 10c Pd/C were compared in Figure 1b. With increasing
ALD cycles, Pd step edges show a slight shift to lower energy
and decreasing whiteline intensity. In comparison to the
XANES reference of Pd foil and PdO, this indicates an increase
in the percentage of the metallic component for the Pd
nanoparticles. The quantitative results obtained from linear
combination fittings are illustrated in Figure 1lc. The 1-cycle
Pd/C with the smallest Pd particle size of ~2.5 nm consists of
~26% (atomic percent) PdO, and this is the highest PdO
content of the three samples. With increasing particle size, the
PdO content decreases linearly to a value of ~9% for the 8 nm
particles. The fraction of surface atoms in these Pd nano-
particles, given by 0.9/size (nm), is 0.36, 0.16, and 0.11 for 2.5,
5.5, and 8 nm Pd and very similar to the fraction of PdO
determined from the XANES, suggesting that primarily the
surfaces of the Pd particles are oxidized.

Figure 1d shows the Fourier transforms of the extended X-
ray absorption fine structure (EXAFS). The peaks at about 2
and 2.5 A are fingerprint peaks in the first shell for metallic Pd.
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The Fourier transform measurements for the ALD Pd samples
all show similar features in the first shell, but the peak
intensities increase with increasing ALD cycles, i.e., particle size,
determined by STEM. In comparison to the Pd foil spectrum,
the as-prepared 1-cycle ALD Pd/C measured in air is clearly
partially oxidized, showing an additional peak at around 1.4 A
that is typically associated with the Pd—O bond. The EXAFS
data were fit, and the results of this quantitative analysis are
listed in Table 1. The nearest Pd—Pd bond distances are in

Table 1. Structural Parameters of Different Pd Samples
Measured under Ambient Conditions

TEM size DWF E,

sample (nm) scatter CN R(A) (x10%) (eV)
1c Pd/C 2.6 Pd-Pd 5.3 2.74 3 0.8
Pd-O 13 2.05 1 3.1

3c Pd/C S.5 Pd-Pd 8.2 2.75 2 0.6
Pd-O 0.7 2.05 1 2.0

10c Pd/C 8 Pd-Pd 9.2 2.74 1 1.4
Pd-O 0.4 2.05 1 3.8

good agreement with XRD data (2.76 A). As expected, the Pd—
Pd coordination number increases with increasing particle size.
The coordination number of nearest Pd—O neighbors in the Pd
oxide reference is 4. Thus, the percentage of PdO in the ALD
Pd/C samples can also be calculated as CNpyq_o/4. The
fractions of PdO calculated from the EXAFS measurements are
32.5, 17.5, and 10% for the 1c, 3¢, and 10c ALD Pd/C samples,
respectively, which are within the error of the results obtained
from the XANES linear combination fittings. Similar to the
XANES analysis, the fraction of the oxidized Pd determined
from the EXAFS fits is very similar to the fraction of surface Pd
in these metallic nanoparticles.

On the basis of all the above results, we conclude the
following: (1) the as-prepared Pd/C is surface oxidized and has
a crystalline fcc structure, and the average particle size is
controlled by the number of ALD Pd cycles to be in the range
2—8 nm; (2) the as-prepared Pd nanoparticles are uniformly
distributed on the porous carbon surface. These as-prepared
Pd/C composites with porous structures and high specific
surface area are of particular interest, since they can provide
more active sites to absorb O, molecules. This should enhance

the catalytic activity for the oxygen reduction reaction (ORR)
and the oxygen evolution reaction (OER), as we demonstrate
below for the Li—0O, cell.

A Swagelok-type cell consisting of a Li-foil anode and an as-
prepared 3c-ALD Pd/C cathode was tested under O,
atmosphere with a MACCOR cycler. TEGDME-LiCF;SO;
was selected as an electrolyte, since it was recently
demonstrated to be relatively stable toward the discharge
product, Li,O,, during the discharge reaction.>* For compar-
ison, the cell containing the cathode with the same loading of
SPL carbon only was also tested under similar conditions.
Figure 3a shows voltage profiles of the first discharge to 2.0 V
(deep discharge) under a discharge rate of 100 mA/g. The
initial discharge reaction of the cell containing the 3¢c-ALD Pd/
C cathode takes place at approximately 2.70 V, with a total
specific capacity of about 6600 mAh/g. The cell with only bare
SPL carbon as the cathode, however, only delivered about 1500
mAh/g with a discharge voltage of 2.5 V, which is a few
hundred millivolts lower than that of the 3c-ALD Pd/C
cathode. This finding provides strong evidence that the oxygen
reduction reaction during discharge in the Li—O, cell is greatly
facilitated when 3c-ALD Pd on carbon is used as the
electrocatalyst, which not only contributes to a higher capacity
by providing more active sites for the ORR reaction but also
leads to a higher discharge potential. The discharge products on
the 3c-ALD Pd/C cathode were subjected to XRD measure-
ment, and results are shown in Figure 3b. The diffraction
patterns of the discharged cathode clearly show that Li,O, is
the main discharge product on the 3c-ALD Pd/C cathode,
while the discharge product on the bare carbon cathode
appeared to be only LiOH with no evidence of crystalline
Li,0,.>® Note that a small amount of the LiOH was also
detected on the 3c-ALD Pd/C samples, which is likely due to
the reaction between Li,O, and H,O either from the residual
moisture left on the electrode or from the air during the XRD
measurements. The SEM image of the 3¢c-ALD Pd/C cathode
harvested after first discharge clearly showed a large amount of
“donut”like particles, presumably Li,0,,>* filled the pores of
the carbon cathode (Supporting Information, Figure S3), while
only amorphous-like products are observed for the bare carbon
cathode after first discharge (Supporting Information, Figure
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Figure 3. (a) Voltage profile of the first discharge for a cathode containing bare carbon and 3¢c-ALD Pd/C in 1 M LiCF;SO;/TEGDME at 100 mA/
g. (b) XRD patterns of a cathode containing 3c-ALD Pd/C (bottom) and10c-ALD Pd/C (top) as active materials after first discharge to 2.0 and 2.2

V, respectively.
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Figure 4. (a) Voltage profile of the first cycle for a cathode containing 3c-ALD Pd in carbon matrix cycling in 1 M LiCF;SO;/TEGDME at 100 mA/
g. (b) Cell capacity as a function of cycle number for air electrodes containing 3c-ALD Pd in carbon matrix cycling in 1 M LiCF;SO5;/TEGDME at
100 mA/g. (c) Voltage profile of the first cycle for a cathode containing 10c-ALD Pd in carbon matrix cycling in 1 M LiCF;SO;/TEGDME at 100
mA/g. (d) Voltage profile of the first cycle for cathode containing 1c-ALD Pd in carbon matrix cycling in 1 M LiCF;SO;/TEGDME at 100 mA/g.
(e) Voltage profile of the first cycle for bare carbon cathode cycling in 1 M LiCF;SO;/TEGDME at 100 mA/g.

S4). This result probably indicates that the nucleation of Li,O,
strongly depends on the catalytic surface.

In an attempt to fully recover the discharge product, we
employed an equal-capacity charging mode in which the cutoff
charging condition was specified so that the charging capacity
matched the previous discharging capacity, while the charge
potential was limited to 4.5 V. Under this mode, the charge of
the cell was terminated when either of these conditions was
achieved. Figure 4a shows the cycle performance of the Li—O,
cell containing the 3c-ALD Pd/C cathode, from which it can be
seen that severe polarization occurred during the first charge.
Around 6500 mAh/g was recovered at the 4.3 V plateau during
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the charge, which accounts for more than 98% (Columbic
efficiency) of the discharge capacity. On the second discharge
to 2.0 V, the capacity dropped dramatically to 3000 mAh/g.
This result indicates that part of this capacity recovered during
the first cycle may come from the electrolyte decomposition at
relatively high charge potential (>4.3 V).>> In other words,
Li,0, formed during the first discharge does not completely
decompose upon charging, which leads to the blocking of the
active site or pores. The SEM image of the cathode after being
charged on the first cycle (Supporting Information, Figure SS)
indeed showed some toroid-like Li,O, left on the surface,
supporting the above clarification. The deep discharge

dx.doi.org/10.1021/nl401833p | Nano Lett. 2013, 13, 4182—4189
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conditions can also lead to poor cycle performance once an
accumulation of the insulating discharge products, particularly
lithium peroxide, impedes the transportation of lithium ions,
oxygen, and electrons in the electrode. Another possible cause
of capacity failure is the poisoning of the Pd catalyst by
contaminants or passivation. A buildup of contaminants such as
Li,CO; could be the result of gradual decomposition of the
TEGDME electrolyte such as boy reaction with the Li,O,
surface, as found experimentally.*® All of these aspects would
likely lead to the poor cycle performance of the Li—O, cell, as
presented above.

Figure 4c illustrates the voltage profile of the first cycle for
the 10c-ALD Pd sample as the cathode material in a Li—O, cell.
A similar discharge potential (~2.7 V) was achieved which
shows the catalytic effect of the 10c-ALD Pd sample toward the
oxygen reduction reaction during discharge in the Li—O, cell,
although the cell delivers much less capacity (~1700 mAh/g)
compared to the 3c-ALD Pd sample. The decrease of the
capacity of the 10c-ALD sample compared with the 3c-ALD
sample is probably due to the loss of the active site on the
cathode surface. The discharge products on the 10c-ALD Pd
cathode mainly consist of Li,O,, as shown in Figure 3b.
Surprisingly, the charge potential is significantly lowered to
about ~3.4 V, compared to that of 3c-ALD Pd (Figure 4b), 1c-
ALD Pd (Figure 4d), and bare carbon (Figure 4e) samples, and
this charge potential can be maintained for several cycles (>S).
At this stage, we do not completely understand the mechanism
that leads to the low charge overpotential for the 10c-ALD Pd
sample, which needs to be further explored. It is likely that
more coverage of the carbon surface (i.e, the defect sites) in
the 10c-ALD Pd sample would not only lead to better electron
transfer for the nucleation and growth of Li,O, but also would
minimize the possible electrolyte decomposition on the carbon
defect sites. Such electrolyte decomposition will result in the
deposition of contaminants such as carbonates on the lithium
peroxide or on the carbon surface and would likely increase the
charge potential. Nevertheless, this is an encouraging result
showing that a low charge potential can be achieved when a
suitable electrocatalyst is applied to the carbon. It should also
be noted that there appear to be two discharge plateaus during
the discharge of all ALD-Pd coated carbon samples, which is
likely attributed to the impedance change due to the insulation
nature of the discharge product, Li,O,.

X-ray photoelectron spectra (XPS) was used to investigate
the catalyst surface and identify the discharge and charge
products during the electrochemical reactions, which were
obtained from the 10c-ALD Pd/C cathode in the first
discharged and first charged state, respectively. The Li 1s and
Pd 3d XPS spectra were recorded and fitted, as shown in Figure
S. Figure Sa (bottom spectrum) shows the Li 1s XPS spectrum
for the first discharge sample, from which it can be concluded
that lithium peroxide formed as the dominated discharge
product of the electrochemical reactions>® along with a small
amount of LiOH, which is consistent with the XRD results. The
XPS data confirm that the desired discharge product (lithium
peroxide) can be produced when a suitable catalyst, in this case
the 10c-ALD Pd/C composite, is introduced on the cathode.
On the basis of the above XRD and XPS results, it is clearly
demonstrated that the catalyst plays a key role in facilitating the
oxygen reduction reaction and forming the desired discharge
product, Li,O,. Upon charging, the lithium signals from lithium
peroxide completely disappeared (Figure Sa, first charge),
suggesting that these discharged products decompose during
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Figure S. XPS spectra of (a) Li 1s and (b) Pd 3d core peaks of the
cathode containing as-prepared 10c-ALD Pd/C at different charge/
discharge status.

the charging process. This finding provides solid evidence that
lithium peroxide can be formed and decomposed reversibly
during the cycle test of the TEGDME-based Li—0O, cells.

Figure Sb presents the Pd 3d core level XPS spectra of the
prepared 10c-ALD Pd/C cathode for different electrochemical
treatments (charge/discharge), as marked in the figure. Analysis
of the Pd 3d spectrum for the first discharge electrode shows no
Pd signal, indicating that Li,O, was sufficiently thick to
completely attenuate photoelectrons from the Pd nanoparticles.
In other words, the oxygen reduction reaction does take place
on the surface of the catalyst during discharge of the cell. The
Pd signal reappeared in the charged samples (first charge in
Figure Sb), since the discharge products were decomposed and
removed from the electrode surface. It should also be noted
that the Pd nanoparticle surface oxidized to PdO, during the
cycle testing in the Li—O, cell.

Finally, it should be noted that, although TEGDME, which is
used in the present study as the electrolyte, is suspected to be
unstable on deep discharge in Li—O, cells at potential <2.4 V, it
is still of great interest to explore the reactions that may occur
in the presence of different catalysts that may promote the two-
electron reduction of oxygen to lithium peroxide. Irrespective
of the electrolyte problems mentioned above, and in parallel to
new efforts with more promising electrolytes,*>*” our goal in
this study has been to explore a novel approach and design new

dx.doi.org/10.1021/nl401833p | Nano Lett. 2013, 13, 4182—4189
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electrode/electrocatalytic materials for the oxygen cathode,
which might help overcome at least some of the limitations of
current Li—O, cells. Needless to say, further in-depth research
is required to fully identify the discharge and charge products
and understand the effects of electrolytes on the electro-
chemical performance of the current Li—O, cells, which will be
addressed in future work by the present authors.

In summary, ALD was used to synthesize Pd nanoparticles
on a porous carbon support and the resulting materials were
employed as electrocatalysts for rechargeable Li—O, cells. Both
XRD and XAS analyses confirmed the presence of crystalline,
metallic Pd. The conformal attribute of ALD ensured that the
Pd nanoparticles were uniformly dispersed over the high
surface area carbon support, and that the porous structure and
surface area were well persevered. As a consequence, the as-
prepared catalysts demonstrated a superior electrochemical
behavior, and delivered a capacity of up to 6600 mAh/g
(carbon + electrocatalyst) using a current density of 100 mA/g.
This reaction was reasonably reversible during the early cycles.
Our results suggest that ALD is a promising technique for
tailoring the surface composition and structure of porous
supports in energy storage devices.
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Experimental details, SEM images for the sample before and
after the ALD Pd process, and SEM images of the bare carbon
and 3c-ALD Pd/C cathode harvested after first discharge and
first charge. This material is available free of charge via the
Internet at http://pubs.acs.org.
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