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Abstract The synthesis of Pd nanocrystals of controlled size
and morphology has drawn enormous interest due to their
catalytic activity. We report a new and efficient strategy for
the one-step synthesis of monodispersed Pd nanocubes with
ethylenediamine tetramethylene phosphonate (EDTMP) as a
complex-forming and capping agent. The morphology, struc-
ture, and growth mechanism of the Pd nanocubes were fully
characterized via selected area electron diffraction (SAED),
transmission electron microscopy (TEM), X-ray diffraction
(XRD), and X-ray photoelectron spectroscopy (XPS). It was
found that the morphology of the Pd nanocrystals in the pro-
posed EDTMP-PACI, system could be changed from octahe-
drons to nanocubes simply by adjusting the amount of iodide
used during synthesis. After UV/ozone and electrochemical
cleaning, the as-prepared Pd nanocubes demonstrated excel-
lent electrocatalytic activity and stability during formic acid
oxidation, owing to their abundant {100} facets and small
particle size.
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Introduction

The shape of a noble metal nanocrystal plays a significant
role in its catalytic activity and selectivity, as it influences
the distribution of surface atoms at corners, edges, and
planes. Thus, the synthesis of metal nanocrystals with var-
ious morphologies has received a great deal of interest in
recent years [1-12].

Pd nanocrystals are among the most studied of the noble
metal nanocrystals. Pd nanocrystals with diverse morphol-
ogies have been synthesized, including wires [13], spheres
[14], tubes [15], cubes [16], plates [17], rods [18-20],
tetrahexahedra [21], cubooctahedra [22], octahedra [23], tet-
rahedra [24], and concave tetrahedra [25]. Among various
shapes, {100}-enclosed Pd nanocubes are of particular inter-
est in relation to formic acid oxidation because the {100} facet
of Pd shows the highest catalytic activity among the three low-
index facets (Pd{100} >Pd{111} >Pd{110}) [26]. Therefore,
these {100}-enclosed Pd nanocubes appear to be particularly
useful for direct formic acid fuel cell (DFAFC) applications.

More recently, the specific adsorption of small molecules
on Pd or Pd-based nanocrystal surfaces has emerged as a
promising strategy for controlling surface structure [19, 27,
28]. For instance, Zheng and coworkers reported that CO pre-
fers to adsorb on the Pd {111} surface, and that this adsorption
of CO facilitates the growth of single-crystalline Pd tetrapods
with {111} facets as their main exposed surfaces [29].
However, there are hidden dangers such as CO leakage during
the preparation process. Xia and coworkers demonstrated that
the adsorption of bromide ions on the Pd {100} surface makes
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the Pd {100} facet more energetically stable than Pd {111}
and results in the formation of Pd nanocubes [30], although
the two-step preparation process was somewhat complicated.
Maiyalagan and coworkers explored a novel method allowing
the synthesis of tailored Pd nanostructures. The products
showed anisotropic nanostructure consisting of chains of
cubes which presented superior electrocatalytic activity.
However, the Pd cubes were not uniform in size [31].

Herein, we report a simple and efficient strategy for the
one-step synthesis of Pd nanocubes with the assistance of
ethylenediamine tetramethylene phosphonic acid (EDTMP)
and I". In the reaction system, I serves as a shape control
agent, EDTMP works as a chelating agent, HCHO acts as a
reductant, and PVP acts as a stabilizing agent. The resulting
Pd nanocubes exhibit enhanced electrocatalytic activity and
stability during formic acid oxidation compared to the com-
mercially used catalyst Pd black, owing to their abundant ex-
posed {100} facets and small particle size.

Experimental section
Reagents and chemicals

Palladium chloride (PdCl,), formaldehyde solution (HCHO,
40 %), and polyvinylpyrrolidone (PVP) were purchased from
Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China).
Ethylenediamine tetramethylene phosphonic acid (EDTMP)
was purchased from Shandong Taihe Water Treatment Co.,
Ltd. (Shandong, China). KI was purchased from Aladdin
Industrial Corporation (Shanghai, China). Commercial Pd
black was purchased from Johnson Matthey Corporation
(London, UK). Other reagents were analytical reagent grade
and used without further purification. All the aqueous solu-
tions were prepared with Millipore (Billerica, MA, USA) wa-
ter with a resistivity of 18.2 M(2. Solution pH was adjusted
through the addition of dilute NaOH or HCI solution.

Preparation of the Pd nanocubes

In a typical synthesis, 1 mL of 0.05 M PdCl,, 1 mL of
0.05 M EDTMP, 0.01 g KI, and 0.01 g PVP were added to
7 mL deionized water with continuous stirring. After
adjusting the solution pH to 7.0, 0.5 mL of an HCHO
solution (40 %) was added to the solution. Then, the mix-
ture was transferred to a 25-mL Teflon-lined stainless-steel
autoclave and heated at 140 °C for 6 h. After being cooled
to room temperature, the resulting Pd nanocubes were sep-
arated by centrifugation at 19,000 rpm for 10 min, washed
several times with water and ethanol, and then dried at
60 °C for 5 h in a vacuum dryer.
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Physical characterization

Transmission electron microscope (TEM) measurements were
performed on a JEOL (Tokyo, Japan) JEM-2100 F transmission
electron microscope operated at an accelerating voltage of
200 kV. Scanning electron microscopy (SEM) images were cap-
tured on a JSM-2010 microscope (JEOL) at an accelerating volt-
age of 20 kV. X-ray diffraction (XRD) patterns of nanocrystals
were obtained using a D/max-rC X-ray diffractometer (Rigaku,
Tokyo, Japan) with a CuK x radiation source (A = 1.5406 A) and
operating at 40 kV and 100 mA. X-ray photoelectron spectros-
copy (XPS) measurements were performed with a Thermo
Scientific (Waltham, MA, USA) ESCALAB 250 spectrometer
with a monochromatic Al Ka X-ray source (1486.6-eV photons),
and the vacuum in the analysis chamber was maintained at about
10"° mbar. The binding energy was calibrated by means of the
C,speak energy of 284.6 eV. The pH measurements were carried
out with a Mettler Toledo (Columbus, OH, USA) DETTA320
digital pH-meter.

Electrochemical measurements

All electrochemical experiments were performed using a CHI
660 C electrochemical analyzer (CH Instruments, Austin, TX,
USA). A standard three-electrode system was used for all
electrochemical experiments, which consisted of a Pt wire as
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Fig. 1 a Typical and b magnified TEM images of Pd nanocubes. ¢
HRTEM image of an individual Pd nanocube. d The size distribution
histogram for the Pd nanocubes shown in a. e Magnified HRTEM
images obtained from regions marked by squares in c. f FFT pattern for e
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Fig. 2 a XRD pattern of Pd nanocubes. b XPS spectrum of Pd
nanocubes in the Pd 3d region

the auxiliary electrode, a saturated calomel reference electrode
(SCE), and a catalyst-modified glassy carbon electrode as the
working electrode. In this study, all stated potentials are given
with respect to the SCE. All electrochemical measurements
were carried out at 30 °C.

Before the preparation of the catalyst ink, the Pd nanocubes
were irradiated with UV irradiation (185 and 254 nm) in air for
4 h to remove the capping agents (i.e., PVP and 1) [32-36].
Note that an irradiation time of less than 5 h was used to avoid
particle coalescence during long periods of irradiation (see the
TEM and XRD results for the Pd nanocubes before and after
UV irradiation in Fig. S1 of the “Electronic supplementary
material,” ESM). An evenly distributed suspension of the cat-
alyst was prepared by ultrasonication of a mixture comprising
a certain amount of catalyst in an appropriate amount of water
for 30 min. Then, a predetermined amount of the dispersion
was drop cast onto the surface of a pretreated glassy carbon
electrode. After drying at room temperature, the modified
electrode surface was covered with 2 mL of Nafion solution
(5 wt.%) and allowed to dry again. Thus, the working elec-
trode was obtained, and the specific loading of metal on the
electrode surface was about 3.5 pg. Prior to performing elec-
trochemical tests, the catalyst-coated electrodes were
pretreated by cycling the potential between —0.2 and 1.2 V
vs. SCE for 50 cycles to remove any possible contaminants on
the Pd. Cyclic voltammetry measurements were conducted in
N,-saturated 0.05 M H,SO, solution or N,-saturated 0.5 M
H,S0, solution with 0.5 M HCOOH. The electrochemically

Fig. 3a-b TEM images of the
products prepared in the absence
of a EDTMP or b PVP

Scheme 1 a Molecular structure and b cylindrical bond model of
EDTMP

active surface area (ESCA) of the Pd electrocatalyst was cal-
culated using the following equation by measuring the reduc-
tion charge of the Pd(OH), on the surface and assuming a
value 0f 420 uC cm * for the reduction charge of a monolayer
of Pd(OH); on a Pd surface [37, 38]:

Y

ECSA =
mx C

(1)

where O is the reduction charge of the surface PA(OH),, m is
the amount of Pd metal loaded, and C is the charge required
for the adsorption of a monolayer of hydrogen on a Pd surface
(C=420 pC cm ).

Results and discussion

The structure and morphology of the Pd nanocrystals were
first characterized using transmission electron microscopy
(TEM) and scanning electron microscopy (SEM). As shown
in Fig. la, b and Fig. S2 of the ESM, the as-prepared Pd
nanocrystals were well-defined cubes. According to the histo-
gram showing the particle size distribution of the as-prepared
Pd nanocubes, the average length of a Pd nanocube was esti-
mated to be 11 nm. More detailed structural information was
provided by high-resolution transmission electron microscopy
(HRTEM). Fringes with a lattice spacing of 0.202 nm (Fig. le
and Fig. S3 in the ESM) were observed on the surface of the
cube, similar to the {100} lattice spacing of the fcc Pd crystal
(0.200 nm). The corresponding fast Fourier transform (FFT)
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Scheme 2 Schematic illustration of iodide ion adsorption on Pd {100}
surfaces, along with the growth of Pd nanocubes

pattern indicates the single-crystalline nature of the Pd cube
(Fig. 11).

The structure of the Pd nanocubes was then investigated by
XRD. The Pd nanocubes were observed to have five peaks
corresponding to the {111}, {200}, {220}, {311}, and {222}
facets of fcc Pd (JCPDS no. 46-1043), respectively (Fig. 2a).
Interestingly, the intensity ratio of the {200} peak to the {111}
peak for the Pd nanocubes was about 0.75, which is much
higher than that of commercial Pd black (0.46, Fig. S4 in
ESM) and that of standard Pd according to JCPDS data
(0.43), confirming that the products have a {100}-dominated
crystalline structure. Among the low-index facets, the Pd {100}
facet has the highest catalytic activity (Pd {100} > Pd {111} >
Pd {110}) because of its high surface energy [26], which may
lead to enhanced catalytic activity during formic acid oxidation.
XPS measurements demonstrated that the binding energies of
Pd 3ds, and Pd 3ds, are 340.20 and 334.85 eV (Fig. 2b),
respectively, using C;,=284.6 ¢V as a reference, meaning that
the interval between them was 5.35 eV. These values are com-
parable with the standard values for bulk Pd (3d5,, =340.15 eV
and 3ds, =334.90 eV). Meanwhile, the percentage of Pd® in
the Pd nanocubes is ca. 87.3 %, indicating that Pd" species
were successfully reduced to metallic Pd.

In order to elucidate the formation mechanism of Pd
nanocubes, a series of controlled experiments were conducted.
The effect of EDTMP on the morphology of the product was
investigated first. When EDTMP was not added, the products
obtained consisted mainly of irregular nanoparticles (Fig. 3a).

Fig. 4a—c¢ TEM images of Pd
nanocrystals synthesized with
different amounts of I ions: a
without I, b30 uM I, ¢ 60 uM
I'. An evolution of Pd nanocrystal
shape was clearly observed with
increasing I, from a octahedrons
to b truncated cubes to ¢ cubes
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It is well known that a slow reduction rate of the metal pre-
cursor is crucial to the generation of high-quality nanocrystals.
EDTMP (Scheme 1), a chelating agent, can interact with
PdCl, to form a six-coordinate EDTMP-Pd" complex due
to its strong coordinating capability, which significantly de-
creases the reduction rate of a Pd" precursor [18]. Thus, we
predicted that EDTMP would be an excellent kinetic modifier.
In the absence of PVP, the final products were dominated by
palladium nanoparticle aggregates (Fig. 3b), indicating that
PVP acts as a stabilizing agent.

Furthermore, we wanted to determine the role of the iodide
ions. Previous reports have noted that Pd nanocrystals
enclosed by {100} facets, such as nanocubes and nanobars,
can be controlled by Br ions. In particular, Xia and his co-
workers proposed a reasonable explanation for the influence
of the bromide ions on the shape of Pd nanocrystals [30], and
we suspect that I ions have a similar effect on shape-
controlled synthesis. As illustrated in Scheme 2, increasing
the amount of I causes more and more {100} facets to be
exposed. Correspondingly, the morphology of the Pd
nanocrystals changed from octahedrons to nanocubes.

To validate this mechanism, the synthesis of Pd
nanocrystals with different amounts of iodide ions was carried
out. For instance, a synthesis conducted without I resulted in
Pd octahedrons with a mean size of 12 nm (Fig. 4a). The
addition of 30 uM I during the synthesis led to truncated
nanocubes because the exposed Pd {100} surfaces were sta-
bilized by the relatively scarce I ions (Fig. 4b). When the
concentration of I was increased to 60 uM, regular Pd
nanocubes were obtained (Fig. 4c). These results confirmed
that the formation of Pd nanocubes can be controlled by
adjusting the amount of I present during synthesis.

The Pd nanocubes were tested for their electrocatalytic ac-
tivity during formic acid oxidation. The electrocatalytic activ-
ity of the Pd nanocubes was compared with that of commer-
cial Pd black at the same Pd loading. Figure 5a shows cyclic
voltammogram (CV) curves of the Pd nanocubes and com-
mercial Pd black recorded in N,-purged 0.5 M H,SO, solu-
tion. Upon measuring the reduction charge of the surface
Pd(OH),, the electrochemically active surface area (ESCA)
of the Pd nanocubes (10 m? g~ ') was found to be higher than
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Fig. 5 a Cyclic voltammograms of Pd nanocubes and commercial Pd
black in Nj-saturated 0.5 M H,SO, solution, sweep rate 50 mVs ' b
Quasi-steady-state polarization curves of Pd cubes (red curve) and
commercial Pd black (black curve) measured in 0.5 M HCOOH +

that of commercial Pd black (8 m? gfl ). This enhanced ESCA
for the Pd nanocubes is most likely due to the smaller size and
better dispersion of the Pd nanocubes compared with that of
commercial Pd black. Furthermore, the reduction peak poten-
tial of the Pd nanocubes is negatively shifted by ca. 30 mV
compared to that of commercial Pd black, indicating that Pd
nanocubes can form more —OH species at a lower potential.
Again, the quasi-steady-state polarization curves obtained at
a slow scan rate of 1 mv s that are shown in Fig. 5b indicate
that the peak potential of the Pd cubes was more negative than
that of commercial Pd black, and the Pd cubes exhibited a
current density 1.5 times higher than that of commercial Pd
black. Both of these observations suggest that the Pd cubes
are more electrocatalytically active. Figure S6 in the ESM dis-
plays Tafel plots (constructed from the quasi-steady-state data
in Fig. 5b) of log / vs. E for formic acid oxidation at the Pd
nanocubes and commercial Pd black in the electrochemical
control region. In the lower output current region, both curves
remain consistent with a linear Tafel relationship. Under the
same output voltage, the Pd nanocubes showed greater output
current than commercial Pd black. These results show that the
kinetic rate of formic acid oxidation at the Pd nanocubes was
higher. Furthermore, the corresponding mass-normalized anod-
ic peak current at the Pd nanocubes was measured as ca.
336 A gﬁl, which was 1.9 and 1.8 times higher than those of
commercial Pd black (175 A g', Fig. S7A in the ESM) and
commercial Pd/C (185 A g ', Fig. S5 in the ESM), respective-
ly. Even though its mass activity was lower than that reported
by Maiyalagan’s group [39], it was better than most of the
corresponding values reported in the literature [40, 41]. As
shown in Fig. S7B of the ESM, the ESCA-normalized specific
peak current density of the Pd-THBTs (27 A m 2) was also
higher than that of the commercial Pd black (14 A mfz). The
enhanced electrocatalytic activity of the Pd nanocubes was also
confirmed by a turnover frequency (TOF, defined here as the
HCOOH conversion per surface Pd atom per second) analysis
based on the specific activity. The TOF of the Pd nanocubes
(2.3 atom 's ) was found to be 1.5 times higher than that of Pd
black (1.5 atomflsfl) at 0.1 V (Fig. S7C in the ESM). Last but

Potential / V(vs SCE)

0.5 M H,SOy solution. Scan rate:] mV s~ '. ¢ Chronoamperometry
curves of Pd nanocubes and commercial Pd black in 0.5 M HCOOH +
0.5 M H,S0O, solution for 2000 s at 0.1 V (vs. SCE)

not least, the Pd nanocubes showed the improved stability in
the DFAFC applications, as indicated by chronoamperometry
curves covering a period of 2000 s (Fig. 5¢).

Conclusion

In summary, we provide a new one-pot method for the syn-
thesis of Pd nanocubes. During the synthesis of the
nanocubes, the presence of EDTMP and I were found to be
crucial influences on the shape/surface structure of the Pd
nanocrystals. EDTMP, an excellent kinetic modifier, induced
the formation of high-quality nanocrystals. I', a crystal-face-
controlling reagent, exerted strong effects on the morphology
of the final product. Additionally, the Pd nanocubes exhibited
enhanced mass activity, specific activity, and stability during
formic acid oxidation compared with commercial Pd black,
due to their abundant {100} facets and small particle size. The
enhanced properties of the Pb nanocubes facilitate their poten-
tial application in direct formic acid fuel cells.
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