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ABSTRACT: Large surface area-to-volume ratio with plenty of accessible electrochemically active sites presents metal
nanosheets a highly efficient catalyst material. However, a facile and effective synthesis of metal nanosheets with nanoscale
thicknesses, macroscopic sizes, and desired crystal facets is still a grand challenge. Here, we report the synthesis of free-standing
Pd nanosheets by ionic layer epitaxy (ILE), which employs a cationic oleylamine monolayer at the water−air interface as a soft
template to guide the nanosheet growth. The Pd nanosheets exhibited a quasi-square morphology with a uniform thickness of ∼2
nm and sizes ranging from 1 to 6 μm. Owing to the extremely large surface-to-volume ratio and the exposure of mixed surface
crystal facets, the Pd nanosheets exhibited high activity in formic acid oxidation compared to the commercial Pd black and other
reported Pd nanostructures. This work presents a simple and effective way to prepare metal nanosheets with nanometer-scale
thickness control.

Metal nanocrystals have attracted tremendous interests
due to their promising applications in catalysis,

plasmonics, and magnetics.1−7 Among them, palladium (Pd)
is a multifunctional metallic material that has shown great
potentials in electrocatalysis for fuel cell reactions,8−11 catalysis
for organic cross-coupling reactions,12−14 and hydrogen
sensing.15−17 Toward improving the catalytic performance,
considerable efforts have been focused on shape-controlled
synthesis of Pd nanocrystals. Pd nanocubes enclosed by the
(100) facets offered a superior catalytic activity in formic acid
oxidation compared to Pd octahedrons enclosed by the (111)
facets.10 The quasi-2D morphology of Pd was recently
demonstrated as an even more efficient catalyst owing to the
high surface area/volume ratio with a myriad of active sites
exposed and rapid charge transport across the ultrasmall
thickness. For example, 2.3 nm Pd nanosheets showed a much
higher catalytic activity than Pd tetrahedrons and commercial
Pd black for various alcohol/formic acid oxidation reactions.9

These small Pd nanosheets were dominated by the most stable
(111) facet, which however is not the most catalytically active
surface. Synthesis of Pd nanosheets with the more active (100)

facets might further improve the catalytic performance.
Nevertheless, due to the nonlayered face-centered cubic (fcc)
crystal structure of Pd, it is still fairly challenging to synthesize
Pd nanosheets with well controlled size, thickness, and crystal
facets, which are critical to rational design of catalytic activities.
Prevailing method of synthesizing Pd nanosheets was relying
on selective absorption of surfactants to restrict the out-of-
plane growth.8,18,19 However, due to the limited sizes of
surfactant micelles assembled in bulk solution, these strategies
often yielded very small particle sizes (<50 nm) and were
incapable of controlling the sheet thickness down to the
nanometer regime.
Ionic layer epitaxy (ILE), a recently developed solution-

based synthesis technique, has been successful in growing
nanometer thick two-dimensional (2D) ZnO nanosheets with
sizes up to tens of micrometers.20−22 In ILE, a self-assembled
amphiphilic monolayer at the water−air interface was used as a
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soft template to guide the nucleation and growth of 2D
nanosheets underneath. The packing density of amphiphilic
molecules in the monolayer controls the thickness of the
nanosheet with a resolution down to one unit cell. It is
hypothesized that if an appropriate pair of amphiphilic
molecule and aqueous synthesis protocol is identified, it will
be possible to grow 2D metal nanosheets by ILE with control
thickness and large sizes. In this work, we demonstrated a
successful ILE growth of ultrathin Pd nanosheets using an
oleylamine monolayer at the water−air interface. The Pd
nanosheets exhibited a quasi-square shape and a tunable
thickness from 2.0 to 3.2 nm. Owing to the ultrasmall thickness,
high crystallinity, and exposure of active crystal facets, the Pd
nanosheets demonstrated a more than 30 times higher catalytic
activity compared to the commercial Pd black. This work
offered a promising approach toward rational design and
synthesis of ultrathin metallic 2D nanosheets with enhanced
functionality.

■ RESULTS AND DISCUSSION

The schematic ILE synthesis of Pd nanosheets is shown in
Figure 1A (synthesis details are included in the Experimental
Section). In the growth process, the ionized oleylamine
molecules self-assembled into a positively charged monolayer
at the water−air interface. Negatively charged anionic groups
(e.g., PdCl4

2−) were attracted to the interface, forming an
ultrathin precursor-concentrated region beneath the monolayer.
At an elevated temperature of 60 °C and in the presence of a
reducing agent (HCHO), Pd crystals were nucleated and
grown within the confined region forming 2D nanosheets. The
as-synthesized Pd were transferred onto a Si wafer surface by
simply dipping the substrate into the solution and then lifting.
As shown in Figure 1B, the nanosheets covered ∼51.2% of the
surface area without any overlapping, showing a high yield of

single-layered growth. All the nanosheets appeared to be quasi-
squares with side lengths ranging from 2 to 4 μm. An enlarged
image of a single nanosheet revealed the edges were not
completely straight with spikes extended out particularly at the
corner regions (inset of Figure 1B and Figure S1). Atomic force
microscopy (AFM) was used to characterize the surface flatness
and thickness (Figure 1C). All the nanosheets exhibited a
uniform thickness of 2.4 nm, as confirmed by the height profile
scan across several nanosheets (inset of Figure 1C). The surface
of nanosheets was generally very flat with a roughness factor of
Ra = 0.18 nm. However, a few small nanoparticles were also
found at the center of some nanosheets. They were believed to
be excessive nucleates formed during extended nanosheet
growth time.21 Further extending the reaction time led the
formation of a secondary layer at the center of the first layer,
accompanied by a larger overall lateral size (∼4−5 μm, Figure
S2). The height of the secondary layer was 2.0 nm, slightly
larger than the first layer (1.7 nm). This morphology presents a
good indication of the layer-by-layer growth mode of the
nanosheet structure by ILE.
X-ray photoelectron spectroscopy (XPS) was implemented

to study the elemental characteristics of the nanosheets. A full
wavelength survey scan of the nanosheets annealed to
oleylamine revealed multiple strong elemental signals from Si
2p at 104.08 eV, C 1s at 285.08 eV, N 1s at 400.08 eV, O 1s at
533.08 eV, and Pd 3d at 336.08 and 341.08 eV (Figure S3).
The signals of Si and O were believed from the SiO2-coated Si
substrates, and the C and N signals were residues from the
oleylamine monolayer being transferred together with the
nanosheets. From the individual scan of Pd, the peaks of Pd
3d5/2 at 336.1 eV and 3d3/2 at 341.1 eV matched well with the
characteristic binding energies of metallic Pd, suggesting the
formation of metallic Pd nanosheets.
The crystal structure of Pd nanosheets was characterized by

transmission electron microscopy (TEM). The ultrathin

Figure 1. Synthesis of Pd nanosheets. (A) Schematic of ILE growth for Pd nanosheets. Oleylamine amphiphilic monolayer is represented by an array
of green balls as the headgroups and a helical tail on each ball as the carbon chain. Pd atoms are represented by yellow balls. (B) Large scale SEM
image showing quasi-square Pd nanosheets on Si substrate. (C) AFM topography image showing the nanometer thickness and excellent surface
flatness of the nanosheets. Inset is the height profile along the red dashed line revealing the thickness is 2.35 nm. (D) XPS spectrum of characteristic
X-ray peak of Pd 3d3/2 and 3d5/2.
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nanosheets remained its original shape after being transferred
to the holey carbon TEM grid (Figure S4). Selective area
electron diffraction (SAED) pattern collected from the
nanosheet region showed a clear polycrystalline feature (inset
of Figure 2A). The concentric diffraction rings could be

indexed to {200}, {311}, and {222}, matching well to the
JCPDS card (No. 46-1043), further confirming the metallic fcc
Pd structure. High-resolution TEM (HRTEM) image revealed
the nanosheet was composed of crystalline domains with a size
of 10−15 nm (Figure 2A). These domains exhibited different
orientation but all had the same thickness. This growth
phenomenon further confirmed the ILE mechanism that
nanosheet nucleation and growth is confined within the
nanometer thick precursor-concentrated region underneath
the amphiphilic monolayer, regardless of the crystal orientation.
Based on the oriented attachment principle,22 the polycrystal-
line feature was likely because the bonding force between Pd
atoms was not high enough to overcome the environmental
resistance for domain rotation, particularly the strong steric
hindrance from the carbon tails of oleylamine in the monolayer.
HRTEM of a single domain revealed a clear and sharp lattice of
the Pd crystal, and no indication of amorphous or disordered
region could be observed (Figure 2B). The corresponding fast
Fourier transform (FFT) pattern confirmed the crystalline
domain had an exposed (101) surface plane, which has also
been seen from Pd nanosheets synthesized by other
approaches.23 The lattice spacing of the (020) and (111)

planes were measured to be 0.19 and 0.22 nm, respectively. The
high-energy (100) facet was also observed coexisting with the
(101) facet (Figure 2C). The orientation was confirmed by
FFT (inset of Figure 2C). Exposure of the highly active (001)
facets was favorable for the Pd nanosheets to show enhanced
catalytic performance.10,24 The energy-dispersive X-ray spec-
trum (EDX) taken from the nanosheet showed a strong Pd
signal (Figure 2D), while only negligible O signal was detected.
EDX elemental mapping showed that the Pd signal clearly
outlined the shape of nanosheet (Figure 2F), whereas the O
signal was uniformly distributed over the entire carbon
supported area (Figure 2G). The structural and elemental
characterizations confirmed that the nanosheets were pure
metallic Pd phase with no oxidation features involved.
Our previous study has revealed that the packing density of

ionized amphiphilic monolayer had strong influences on the
width of precursor-concentrated region and thus could fine-
tune the nanosheet thickness.22 To test this principle in the Pd
nanosheet growth system, four packing densities were used by
spreading 10, 14, 16, and 18 μL of oleylamine solution onto a
4.72 cm2 reactor surface. The corresponding packing densities
were estimated to be 3.61 × 10−5, 5.04 × 10−5, 5.77 × 10−5, and
6.49 × 10−5 mol/m2, respectively. Figures 3A−D are large scale
SEM images of as-synthesized Pd nanosheets transferred on Si
substrates. All of packing densities yielded Pd nanosheets with
similar quasi-square geometry. The nanosheet densities were
nearly unchanged, but the size of nanosheets obviously
increased as the packing density increased. Many fiber-like
structures were observed from the lowest packing density
system (Figure 3A), possibly due to the insufficient precursor
quantity for the formation of continuous nanosheets. The AFM
topography images (Figures 3E−H) and corresponding height
profiles (Figures 3I−L) further revealed the morphology
change as a function of the surfactant packing density. All the
nanosheets exhibited an equivalently good surface flatness (Ra =
0.20 nm) and uniform thickness, evidencing the high-
reproducibility of ILE in synthesizing 2D nanosheet. As the
packing density increased, the nanosheet thickness raised
monotonically from 2.0 nm to 2.3, 2.4, and 3.2 nm. Further
statistical analysis of over 20 nanosheet samples revealed a
correlation between the nanosheets’ thickness and size and the
surfactant packing density, consistent with those observed from
the growth results of ZnO nanosheets22 (Figures 3M and 3N).
The thickness of Pd nanosheets increased from 2.3 ± 0.2 to 3.1
± 0.2 nm as a functional of the packing density. Meanwhile, the
side length increased accordingly from 1.83 ± 0.36 μm to 2.20
± 0.35, 3.11 ± 0.62, and 5.24 ± 1.14 μm. This size and
thickness increase following the packing density of surfactant
monolayer was an immediate result of the enriched precursor
ion concentration in the nanosheet nucleation region, which is
a primary ILE growth kinetics.
Pd has been considered as an efficient anodic, monometallic

electrocatalyst for formic acid oxidation (FAO) in a direct
formic acid fuel cell.25,26 Nanostructured morphology is always
favorable for catalytic applications due to the high surface area/
volume ratio and abundant active surface active sites. In
addition, the exposure of highly active (100) facets might
further improve the nanosheet’s catalytic performance. In order
to investigate the catalytic properties associated with the unique
geometry and structural feature, Pd nanosheets with an average
thickness of 2.6 nm were tested for FAO and compared to a
commercial Pd black sample (Thermo Fisher, Pd powder with
average size of ∼40 nm, Figure S5). Figure 4A shows the mass

Figure 2. Crystal structure and composition characterization of the
nanosheets. (A) HRTEM image showing the crystalline domains with
different crystallographic orientation. Inset is the corresponding
selective area electron diffraction pattern. (B) HRTEM image on
one crystalline domain showing a perfect (101) crystal facet without
any observable defects. Inset is fast Fourier transform pattern (FFT).
(C) HRTEM image showing two crystalline domains with the exposed
(101) and (100) facets. A grain boundary is indicated by a yellow
dashed line. Inset is FFT of the (100) facet. (D) EDX spectrum. (E)
Low-magnification TEM image and corresponding EDX elemental
mapping of (F) O and (G) Pd.
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current density−potential curves measured in an aqueous
solution consisting of 0.5 M H2SO4 and 0.25 M HCOOH at a
scan rate of 50 mV s−1. The broad peaks at 0.23 V (versus Ag/
AgCl) that appeared in both forward and reverse scan
represented the direct oxidation of formic acid to CO2.
According to the Nernst equation, the thermodynamic
potential at this FA concentration was estimated to be
−0.181 V (versus RHE). Thus, the overpotential for Pd
nanosheets was calculated to be 0.288 V (versus RHE). The
corresponding potentials versus RHE were shown by using top
x-axis in Figure 4A. The catalytically inert performance of the
substrate (Figure S6) also showed there was no contribution
from the substrates. The presence of the oxidation peak in
reverse scan was typically observed in Pd-catalyzed oxidation
reactions (e.g., methanol, ethanol, glycerol, and formic acid)
because only the reducing agents were accessible in the vicinity
of Pd surface.27 The equal height of the oxidation peaks in both
the anodic and cathodic scan implied no loss of the active sites
on catalyst surface during the forward and reverse oxidation.28

It should be noted that the FA oxidation peaks in both forward
and reverse scan are not necessary to occur at the same
potential. The peak positions are related to various reaction
conditions, such as scan rate (Figure S7), pH value, and the
diffusion behavior of FA to Pd surface.29,30 The small shoulder
at 0.5 V (versus Ag/AgCl) in forward scan could be attributed
to the formation of oxide layer on Pd.31 The steep increase in
the reverse scan indicated the efficient reduction of the Pd
oxide layer built during the forward scan.25 As compared, the
curve of the commercial Pd black shared the similar shape in
both forward and reverse scan, with a slightly higher

overpotential 0.308 V (versus RHE). However, the maximum
mass current density of Pd nanosheets reached as high as 895.5
mA/mg at 0.23 V (versus Ag/AgCl), roughly 31 times larger
than the commercial Pd black (∼28.8 mA/mg at 0.23 V versus
Ag/AgCl). This value is also much higher than many Pd
nanostructures reported in the literature, such as Pd nano-
particles (190 mA/mg),32 3D Pd nanoflowers (211.3 mA/
mg),33 Pd tetrahedra (450 mA/mg),9 and Pd-based alloys (510
mA/mg)11 and at the same level of other Pd nanoplates with a
similar thickness but much smaller sizes.8,9,33

The thickness-dependent catalytic activity was further
investigated. Normalized by the nanosheet surface coverage,
the current density slightly decreased as the nanosheet
thickness increased (Figure S8), suggesting the thinner
nanosheets have higher catalytic activity, probably due to the
easier charge transport from catalyst to electrode. Among the
four thicknesses, 2.3 nm thick nanosheets showed a slightly
broader cathodic current than others, indicating higher catalytic
activity. On the other hand, since smaller thickness
corresponded to lower effective mass, the mass current density
increased linearly from 701.7 to 1132.6 mA/mg when the
thickness decreased from 3.2 to 2.0 nm (inset of Figure 4A and
Figure S9). Despite the ultrasmall thickness, the Pd nanosheets
exhibited a superior stability compared to commercial Pd black.
As shown in Figure 4B, after catalyzing FAO in the acid
solution for 20 cycles, the maximum oxidation current of the Pd
nanosheets decreased to 56% of the initial value, whereas the
commercial Pd black only maintained 37% of the initial value.
The higher stability of Pd nanosheets could be potentially
attributed to the stronger adhesion to the substrates due to the

Figure 3. Influence of the oleylmaine monolayer packing density on the size and thickness of Pd nanosheets. (A−D) SEM images, (E−H) AFM
topography images, and (I−L) height profiles along the red dashed lines in corresponding AFM topography images of Pd nanosheets grown with (A,
E, I) 10 μL, (B, F, J) 14 μL, (C, G, K) 16 μL, and (D, H, L) 18 μL chloroform solution of oleylamine. (M, N) Plots of (M) the thickness and (N)
the size as functions of volume of chloroform solutiom of oleylamine. Each dot is the average value of 20 sets of experimental data, and error bars
show standard error.
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large and ultraflat contact area as compared to Pd black
particles, which prohibited Pd nanosheets from dissolution or
aggregation during the catalytic reactions.11

The outstanding catalytic performance was attributed to the
ultrahigh ratio of surface active sites to bulk volume arisen from
the ultrathin feature. This merit was verified by measuring the
double-layer capacitance (Cdl), which serves as an estimation of
electrochemically active surface area.34,35 By normalizing the
mass of Pd loading and plotting the anodic−cathodic current
density difference versus scan rate using cyclic voltammetry
measurements (Figure S10), Cdl was extracted from the slope
according to the equation Cdl = I/(dv/dt). As shown in Figure
4C, Pd nanosheets showed a Cdl of 329.6 μF/cm2, 50.7 times
higher than the commercial Pd black (Cdl = 6.5 μF/cm2). This
comparison confirmed that Pd nanosheets had a much higher
specific electrochemically active surface area. In addition, given
the monometallic and polycrystalline nature of the Pd
nanosheets, the catalytic activity could be primarily attributed
to the total exposed surface area rather than other geometric
factors such as edges or side facets.
Considering the surface coverage of Pd nanosheets was much

lower than 100%, the surface catalytic performance can be
further improved by multiple-time transfer. More Pd nano-
sheets could be transferred to the support electrode surface
after each additional transfer (Figure S11). Accordingly, the
area current density increased linearly by 3.65 mA cm−1 per
transfer (Figure 4D, black curve, the corresponding IV curves
are shown in Figure S12). This incremental amount was nearly
the same as the initial value, suggesting each transfer could
introduce the same amount of catalytic active sites. Normalized
by the mass of the nanosheets, the current density remained at

the same value of 1005.4 mA/mg (Figure 4D, blue curve). The
constant mass current density suggested that all the nanosheets
contributed the same to the catalytic reaction regardless of their
sequence and location of being transferred.

■ CONCLUSION

In conclusion, ultrathin metallic Pd nanosheets with uniform
thickness and quasi-square morphology were synthesized by
ILE over a large area. These nanosheets were atomically flat
with a surface roughness factor of Ra = 0.184. Electron
microscopy revealed the Pd nanosheets were pure fcc phase
polycrystalline with an average grain size of 12 nm. The size
and thickness of the Pd nanosheets could be controlled by
adjusting the packing density of the amphiphilic monolayer. As
packing density increased, the thickness was tuned from 2.0 to
3.2 nm, and the average size increased from 1.83 to 5.24 μm.
The extremely high surface-to-volume ratio arisen from the
ultrathin feature together with the mixed exposure of crystal
facets including highly active (100) facets yielded a significantly
higher catalytic performance compared to Pd black. Particularly,
the mass oxidation current reached as high as 1132.6 mA/mg
when the nanosheet thickness was 2.0 nm. This value was the
same as the highest reported value for Pd-based electrocatalyst
and more than ∼30 times higher than the commercial Pd black.
This work presents an innovative solution of creating highly
active electrocatalytic materials by controlled synthesis of a
novel 2D morphology. The ultrahigh mass activity is
particularly valuable for conserving the consumption of catalytic
materials with high-cost and rare supplies.

Figure 4. Electrocatalytic activities of palladium nanosheets for the oxidation of formic acid. (A) Current density (mass)−potential curves and (B)
stabilities of palladium nanosheets and commercial palladium black as a comparison recorded in an aqueous solution containing 0.5 M H2SO4 and
0.25 M HCOOH at a scan rate of 50 mV s−1. Inset shows the dependence of current density on the thickness of nanosheets. Straight blue dashed
line serves as a guide to the eye. (C) Plot showing the extraction of the double-layer capacitance (Cdl) for palladium nanosheets and commercial
palladium black. The dashed lines are linear fitting curves, with the slopes revealing Cdl. (D) Dependence of area current density (Iarea) and mass
current density (Imass) on transferring times of palladium nanosheets from water−air interface to the substrates by scooping. Straight blue and black
dashed lines serve as guides to the eye.
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■ EXPERIMENTAL SECTION
Synthesis of Pd Nanosheets. Pd nanosheets were synthesized by

ILE. In a typical synthesis process, a 17 mL aqueous solution
containing 0.25 mM tetrachloropalladic acid (H2PdCl4) was prepared
in a glass vial. Then, 2 μL of formaldehyde (HCHO) was added into
the precursor solution as a reducing agent. A 8 μL chloroform solution
of oleylamine (∼0.2 vol %) was dispersed on the surface of precursor
solution, and the two-layer solution was exposed in atmosphere for 10
min to allow the chloroform to evaporate. Subsequently, the vial was
sealed by a cap and placed in a 60 °C convection oven for 130 min for
Pd nanosheets to grow. The vial was then taken out from the oven.
The Pd nanosheets were then immediately transferred onto a Si
substrate by scooping at the surface of the reaction solution, i.e., simply
dipping the substrate into the solution and then lifting.
Characterization. A Zeiss LEO 1530 field-emission scanning

electron microscope was used to study the morphologies of the
nanosheets. Atomic force microscopy (AFM) tomography images
were obtained using an XE-70 Park System. X-ray photoelectron
spectroscopy (XPS) spectrum was obtained from a Thermo Scientific
K-alpha XPS instrument with a 100 μm spot size, with the flood gun
turned on during the measurements. FEI TF30 transmission electron
microscope operated at 300 kV was used to study the crystal structure.
Energy-dispersive X-ray spectrum (EDX) and EDX mapping were
taken using the STEM mode on a probe aberration corrected FEI
Titan operated at 200 kV.
Electrochemical Measurements. The electrochemical measure-

ments were carried out on an autolab PGSTAT302N station, using a
typical three-electrode setup, with Pd nanosheets/commercial Pd black
as the working electrode, a Pt wire as the counter electrode, and Ag/
AgCl as the reference electrode. The working electrodes were prepared
by transferring Pd nanosheets and commercial Pd black onto Si
substrates coated with 100 nm thick Au thin film. For Pd nanosheets,
the transferring was simply achieved by collecting the nanosheets onto
substrates by the same approach described above. Pd nanosheets were
then annealed in Ar atmosphere at 200 °C for 2 h to remove
oleylamine surfactants from the surface. For commercial Pd black, a
typical loading process was employed. 15 μL of ink of commercial Pd
black dispersion containing 850 μL of isoproponal, 150 μL of DI
water, and 50 μL of Nafion was dropped onto the substrates. Then, the
substrates with Pd black dispersion were placed in a 90 °C oven for 10
min to dry. Electrocatalytic activity was evaluated in a solution
containing 0.5 M H2SO4 and 0.25 M formic acid, when scanning the
voltage from −0.2 to 1.2 V with the scan rate of 50 mV/s.
Electrochemically active surface area was characterized in the solution
of 0.5 M H2SO4, with a series of scan rate of 10, 50, 100, 200, 300, 400,
and 500 mV/s to scan the voltage from 0.2 to 0.3 V in order to extract
the double-layer capacitance (Cdl).
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