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ABSTRACT: Noble metallic nanocrystals (NMNCs) with highly branched morphol-
ogies are an exciting new class of nanomaterials because of their great potential
application in catalysis, sensing, optics, and electronics originating from their unique
structures. Herein, we report a facile water-based method to synthesize high-quality
palladium (Pd) tetrapods with the assistance of arginine molecule, which is more
economical and environmentally friendly than the previous reported carbon monoxide
(CO)-assisted synthesis in the organic system. During the synthesis, arginine molecule
plays an essential role in controlling the tetrapod-like morphology. The as-synthesized
Pd tetrapods have a potential application in the formic acid (HCOOH)-induced
reduction of highly toxic hexavalent chromium (Cr(VI)) owing to their improved
catalytic performance for the HCOOH decomposition.
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1. INTRODUCTION

Effectively controlled synthesis of noble metallic nanocrystals
(NMNCs) with uniform and well-defined morphologies is a
hot topic in catalysis due to the size-, surface structure-, and
shape-dependent catalytic activity and durability." "> Among
various architectures of NMNCs, NMNCs with dendritic,
multipod, star-like, and other anisotropic morphologies have
attracted great interest due to their fascinating structural
features, such as large surface areas, large number of multiple
and high-angle edges, and sharp tips, which generally help to
improve the catalytic activity and durability of NMNCs.'*"23

As the highly chemically stable and widely applied catalytic
material, Pd-NMNCs with branched and multipod shapes have
been widely investigated."*™"* For instance, Tilley and co-
workers for the first time reported a facile hydrothermal
approach for the synthesis of branch-like Pd-NMNCs
containing less than 40% tripods in toluene solution."” Zheng
and co-workers reported the carbon monoxide (CO)-assisted
synthesis of single-crystalline Pd tetrapods in N,N-dimethylfor-
mamide (DMF) solution.'” More recently, highly branched Pd
tetrapods with pod length ca. 98 nm have also been successtully
achieved through CO-assisted synthesis in sodium dodecyl
sulfate solution.'® However, most of these reports inevitably
involve the contamination of organic solution or the use of very
toxic gas. In keeping with the green chemistry principle, it is
important to meet the environmentally friendly procedure for
the synthesis of NMNCs.

Herein, we report a facile and environmentally friendly
water-based route to directly synthesize tetrapod-like Pd-
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NMNCs (hereafter, Pd tetrapods) with the assistance of
arginine molecule. Arginine (Scheme 1), an amino acid

Scheme 1. Structure of Arginine Molecule
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molecule, consists of four amine and one carboxyl groups,
which provide more positive charge (—NH,"). To the best of
our knowledge, there are no reports on the synthesis of Pd
tetrapods in water-based amino acid system. Meanwhile, we for
the first time use the {111} facets-enclosed Pd tetrapods to
catalyze reduction of Cr(VI) to Cr(Ill) using formic acid
(HCOOH) as hydrogen donor. The as-prepared Pd tetrapods
exhibit enhanced catalytic activity compared to state-of-the-art
commercial Pd black, originating from their improved catalytic
performance for HCOOH decomposition.

2. EXPERIMENTAL SECTION

2.1. Reagents and Chemicals. Arginine was purchased from
Shanghai kayon Biological Technology Co., Ltd. (Shanghai, China).
Polyvinylpyrrolidone (PVP, M,, = 30000), palladium chloride (PdCl,),
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formaldehyde solution (HCHO, 40%), and formic acid (HCOOH)
were purchased from Sinopharm Chemical Reagent Co. Ltd.
(Shanghai, China). Commercial Pd black was purchased from Johnson
Matthey Corporation. All reagents were of analytical reagent grade and
used without further purification.

2.2. Preparation of Pd Tetrapods. In a typical synthesis, 0.5 mL
of 0.05 M PdCl, solution, 4.0 mL of 0.05 M arginine, and 50 mg PVP
were added into 4.0 mL deionized water. After the solution pH was
adjusted to 12.0, 1.0 mL of HCHO solution (40%) was added into the
mixture solution, and the solution was heated at 140 °C for 4 h. The
obtained Pd tetrapods were collected by centrifugation and washed
several times with ethanol solution.

2.3. Physical Characterizations. Transmission electron micros-
copy (TEM) and high-resolution TEM (HRTEM) were carried out on
a JEOL JEM-2100F transmission electron microscopy operated at 200
kV. Energy dispersive X-ray (EDX) analysis was carried out on a JEOL
JSM-7600F SEM. X-ray diffraction (XRD) patterns were obtained on a
D/max-rC X-ray diffractometer with Cu Ka radiation (4 = 1.5406 A)
operated at 40 kV and 100 mA. X-ray photoelectron spectroscopy
(XPS) measurements were performed on Thermo ESCALAB 250 with
an Al anode. The ultraviolet and visible spectroscopy (UV—vis) data
were recorded at room temperature on a Cary 50 spectrophotometer
equipped with 1.0 cm quartz cells.

2.4. Catalytic Reduction of Cr(VI). Pd tetrapods were used for
the catalytic reduction of Cr(VI) in aqueous solution. Prior to catalytic
reaction, Pd tetrapods were irradiated with UV irradiation (185 and
254 nm) in air for 4 h to remove the capping agents (i.e., PVP and
arginine).”* "> Typically, 20 uL of Pd tetrapod aqueous solution (2.0 g
L™") was added into 10 mL of mixture solution containing 4 mL of 2
mM K,Cr, 0O, solution and 0.2 mL of HCOOH (85%) at S0 °C under
gentle magnetic stirring. At a regular time interval of 1 min, 0.5 mL of
the mixture solution was withdrawn and diluted to 2 mL and then
monitored by recording the time-dependent absorption spectra of the
reduction reaction using a Cary SO UV—vis spectrophotometer. For
comparison, commercial Pd black was also used as heterogeneous
catalyst for the catalytic reduction of Cr(VI).

2.5. Measurement of HCOOH Decomposition. For HCOOH
decomposition, a total of 20 mg Pd tetrapods or commercial Pd black,
30 mL 0.5 M HCOOH solution were added into a three-necked flask
at S0 °C under continuous stirring. The gases produced can be
collected by draining saturated NaHCOj solution from a buret. Once
CO, and H, gas are produced from the decomposition of HCOOH,
the gas will go through the gas-guide tube and then into the
NaHCO;—replete sink and calibrated buret. Because the NaHCO;
solution does not absorb CO, and H,, the generated gases come into
the calibrated buret, and the NaHCO; solution in the buret is drained
by the gas. Thus, the volume of the gas produced from the
decomposition of HCOOH over the catalyst can be recorded through
the change of the solution volume.

2.6. Electrochemical Instrument. The electrochemical experi-
ments were performed on CHI 660 C electrochemical analyzer at 30 +
1 °C. A standard three-electrode system was used, which consisted of
glassy carbon working electrode, a saturated calomel reference
electrode (SCE), and a platinum wire as the auxiliary electrode.

3. RESULTS AND DISCUSSION

3.1. Physicochemical Characterization of Pd Tetra-
pods. The morphology of the as-prepared Pd nanocrystals was
first investigated by TEM. As observed, nearly all of the two-
dimensional (2D) projections of Pd nanocrystals under TEM
look like the three-branched nanostructures (Figure 1A,B and
Figure S1, Supporting Information). Additionally, most of Pd
nanocrystals exhibit a darker contrast in the center relative to
the branches (Figure 1B), implying planar tripod-like
nanostructures are actually the tetrapods. The tetrapod
morphology of Pd nanocrystals is further supported by the
tilting TEM studies (Figure 1C). After the sample is tilted, the
fourth branch is revealed obviously. From the magnified TEM
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Figure 1. (A) Typical and (B) magnified TEM images of Pd tetrapods.
(C) TEM images of an individual Pd tetrapod tilted at different angles.
(D) HRTEM image of an individual Pd tetrapod. (E) Magnified
HRTEM images obtained from regions a, b, ¢, and d marked by
squares in panel D. The top-right insets in panel E show the
corresponding FFT patterns.

image of an individual Pd tetrapod (Figure 1D), the average
apex-to-center dimension (i.e., each pot size) of Pd tetrapods is
estimated to be 10 + 2 nm in length. More structural
information was provided by HRTEM. The lattice spacing of
fringes on each pod branches is ca. 0.248 nm (Figure 1E), close
to the face-centered cubic (fcc) Pd {111} facets (0.246 nm,
JCPDS card no. 46-1043), demonstrating that Pd tetrapods are
grown along the {111} direction. The fast Fourier transform
(FFT) patterns indicate the single crystalline nature of the
branches (Figure 1E, insets). Such highly crystalline Pd
tetrapods are expected be a good catalyst due to their unique
branched structure, which effectively provides big active surface
area and restrains the aggregation of nanocrystals in the course
of catalytic reaction. EDX and XRD patterns were applied to
investigate the chemical composition and crystalline structure
of the products. EDX measurement demonstrates that the
products mainly contain metal Pd (Figure S2, Supporting
Information). XRD diffraction peaks at 40.1, 46.6, 67.9, and
82.0° can be easily assigned to the {111}, {200}, {220}, and
{311} crystal facets of fcc Pd (JCPDS card no. 46-1043),
showing a high degree of metallic character and crystallinity
(Figure 2A). Based on the Scherrer equation, the average
particle size of Pd tetrapods is calculated to be ca. 10.7 nm. XPS
measurement shows that the binding energy of Pd 3ds,, and Pd
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Figure 2. (A) XRD pattern and (B) Pd 3d XPS spectrum of Pd
tetrapods.
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3d;/, locate at 335.0 and 340.25 eV (Figure 2B), which are
almost coincident with the standard values of bulk Pd (334.90
and 340.15 eV). Meanwhile, the percentage of Pd’ in Pd
tetrapods is ca. 92.3%, indicating that Pd" species is successfully
reduced to form metallic Pd.

3.2. Formation Mechanism of Pd Tetrapods. To clearly
understand the formation mechanism of Pd tetrapods, the
controlled experiments were conducted. It is found that the use
of arginine is critical for the formation of Pd tetrapods. In the
absence of arginine, only irregular, small nanoparticles are
obtained (Figure 3A), indicating that arginine mainly acts as a

Figure 3. TEM images of Pd nanoparticles prepared under the same
conditions as in Figure 1 with the exception of the absence of (A)
arginine and (B) PVP molecules.

morphology controlling agent. Meanwhile, we also observe that
PVP is important but not essential for the generation of Pd
tetrapods. In the absence of PVP, the final products are
dominated by the random-aggregation Pd nanoparticles (Figure
3B). However, the careful observation shows that a small
amount of regular nanocrystals such as tetrapods and tetrahedra
also exist (see cycle), indicating that PVP mainly served as a
protecting and a dispersing agent. These results suggest that the
formation of Pd tetrapods can be attributed to the existence of
arginine molecules. Recently, small molecule adsorbates (e.g.,
CO, formate ions, and amino) assisted synthesis has emerged as
a power strategy to control the surface structure of Pd
nanocrystals.”~'""'”'® For example, the coadsorption of sodium
dodecyl sulfate and CO on Pd{111} was crucial to the
formation of the hierarchical tetrapod Pd nanocrystals.'®
Similarly, the adsorption of the formate ions on Pd surface
could control the dynamical imbalance of the growth and
dissolution rate, which facilitated the growth of specific Pd
nanocrystals.'® Thus, we presumed that the {111}-enclosed Pd
tetrapods mainly originated from the preferential and strong
chemisorption of amino acid on Pd {111} facets. In order to
confirm such conclusion, we introduce the same molar amount
of L-lysine to substitute arginine in our synthetic system. As
expected, the tetrapod-like Pd nanocrystals can also be obtained
(Figure S3, Supporting Information).

When arginine is introduced into the PdCl, solution, the
more stable arginine-Pd" complex became the dominant
species, which is favorable for the morphological control due
to the slower reduction kinetics. The Pd" species can easily
coordinate with arginine molecule, which is confirmed by UV—
vis measurement (Figure 4). Upon addition of arginine solution
(pH 2.0) to PdCl, solution (pH 2.0), the characteristic
absorption peaks of PdCl, at 238 and 316 nm completely
vanish (Figure 4A). In addition, as the pH value of the arginine-
Pd" complex is adjusted to 12.0, the characteristic absorption
peaks at 210 occur red shift (Figure 4B), accompanying a color
change of brown to colorless (Figure 4B, inset). In contrast, a
lot of red PdO-H,O precipitates generate immediately after the
pH value of the PdCl, solution is adjusted to 12.0 (Figure S4,
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Figure 4. (A) UV—vis spectra of arginine solution (pH 2.0, red line),
PdCl, solution (pH 2.0, black line) and the mixture solution of
arginine and PdCl, (pH 2.0, blue line). (B) the mixture solution of
arginine and PdCl, at pH values of 2.0 (blue line) and 12.0 (green
line); (inset) photographs of the mixture solution of arginine and
PdCl, at (a) pH 2.0 and (b) 12.0.

Supporting Information). Thus, these results confirm PdCl, can
interact with arginine to generate stable arginine-Pd" complex,
and the solution pH determines the coordination forms of
arginine-Pd" complex. Further electrochemical measurements
show the reduction potential of arginine-Pd" complex
negatively shifts with the increase of pH (Figure S5, Supporting
Information). Compared with the synthesis of Pd tetrapods
(pH 12.0), when the value of pH is decreased to pH 7.0, flat
tetrahedral or trigonal bipyramidal Pd nanocrystals are obtained
(Figure S6, Supporting Information). These facts indicate the
slower reduction rate of arginine-Pd" complex is necessary for
the formation of Pd tetrapods.

3.3. Catalytic Tests. Hexavalent chromium (Cr(VI)), one
of the most common pollutants, is proven to have high toxicity,
mutagenicity, and carcinogenicity, which increases the risk of
lung cancer via chronic inhalation.”®*™>* However, trivalent
chromium (Cr(IIl)) is nontoxic and, in trace amounts, is an
essential nutrient for humans. Thus, it is highly desirable to
develop an efficient and eco-friendly catalytic system to
transform Cr(VI) to Cr(III). Herein, the reduction of Cr(VI)
to Cr(III) by HCOOH is chosen as a model reaction to study
the catalytic performance of Pd tetrapods. Potassium
dichromate (K,Cr,0;) is chosen as one of the representative
Cr(VI) compounds. It is well-known that the characteristic
absorption peak of Cr(VI) is centered at 350 nm, originating
from the li%and (oxygen) to metal (Cr(VI) charge transfer
transition.*>* Thus, the reduction reaction processes can be
monitored by UV—vis. In the absence of catalyst, the
absorption intensity at 350 nm remains almost unchanged
over 30 min, suggesting the reduction cannot proceed without
catalyst (Figure SA). When a certain amount of Pd tetrapods
are introduced, the absorption peak at 350 nm gradually
decreases and vanishes within S min (Figure SB), accompany-
ing a color change of yellow to colorless (Figure SB, inset),
indicating the successfully reduction of Cr(VI). The formation
of Cr(III) is confirmed by adding an excess of NaOH solution,
where the color of solution changes from colorless to green,
indicating the formation of hexahydroxochromate (III) (Figure
S7, Supporting Information).>~>° It is worth noting that the
reduction time of Cr(VI) on commercial Pd black (20 min,
Figure SC) is much longer than that on Pd tetrapods, indicating
Pd tetrapods possesses excellent catalytic activity for Cr(VI)
reduction. Additionally, the reaction rate constant k is
calculated from the slope of the linear section of the plots of
In(C,/C,) versus reaction time (t) (Figure SD). Compared
with Pd black catalyst (k = 0.156 min~"'), the Pd tetrapods
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Figure 5. UV—vis spectra for successive reduction of Cr,0,*~ with
HCOOH at SO °C: (A) catalyst-free, (B) catalyzed by the Pd
tetrapods, (C) catalyzed by the commercial Pd black. (B, inset)
photographs of (a) Cr(VI) and (b) Cr(IIl) ion solutions. (D) The
relationship between In(C,/C,) and reaction time (t).

exhibit a better catalytic activity for the reduction of Cr(VI) to
Cr(III) (k = 0.571 min™").

Generally, it is widely accepted that the chemical
decomposition of HCOOH via a dual-path mechanism
including of indirect and direct pathways, that is, the
dehydration pathway (HCOOH — CO + H,0) and
dehydrogenation pathway (HCOOH — CO, + H,).>>*7*
Recent theoretical calculations on HCOOH decomposition on
Pd{111} unanimously demonstrated that the dehydrogenation
involved a much lower barrier than the dehydration path-
way.>*73® Thus, CO, and H, were proposed as the highly
preferred products for HCOOH decomposition on {111}-facet
enclosed Pd catalysts. According to the above discussion, the
mechanism of HCOOH decomposition is illustrated schemati-
cally in Scheme 2. Specifically, HCOOH (j,e., hydrogen donor)

Scheme 2. Schematic Representation of Cr(VI) Reduction
on Pd Catalyst

HCOOH H, 0, ¢ oo

Pd catalysts

adsorbs on the surface of Pd catalyst, resulting in the
degradation of HCOOH into CO, and H,, and consequently
reducing Cr(VI) to Cr(Ill) through H, transfer (Cr,0,>” +
8H' + 3H, — 2Cr** + 7H,0).

Catalytic performance of Pd tetrapods and Pd black for the
chemical decomposition of HCOOH were investigated. Figure
6A displays the plots of the time versus gas volume produced
from the catalytic decomposition of HCOOH using Pd
tetrapods and Pd black as catalysts. The gas volume produced
from the decomposition of HCOOH on Pd tetrapods and Pd
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Figure 6. (A) Plots of time versus gas volume produced from the
catalytic decomposition of HCOOH over Pd tetrapods and Pd black in
0.5 M HCOOH solution. (B) Cyclic voltammograms of Pd tetrapods
and Pd black in N,-saturated 0.5 M H,SO, solution, sweep rate 50 mV
sL

black within 2 h is 20.0 and 11.0 mL, respectively. This fact
demonstrates the chemical decomposition of HCOOH on Pd
tetrapods surface is easier than that on Pd black, attributing to
the abundant exposed {111} facets with high activity on Pd
tetrapods.****7* On the other hand, electrochemical measure-
ments indicate the active surface area (11.4 m® g”') of Pd
tetrapods is 1.65 times bigger than that (6.9 m* g™*) of Pd black
(Figure 6B), which also contributes to the enhanced catalytic
performance for the reduction of Cr(VI) due to area effect.

4. CONCLUSIONS

In summary, this work shows an easy, one-pot, and environ-
mentally friendly procedure for the synthesis of Pd tetrapods.
The presence of arginine is key in controlling the shape/surface
structure of the Pd nanocrystals due to the preferential
chemisorption of arginine on Pd {111} facets and the change
in reduction kinetics of Pd" precursor. Owing to the faster
decomposition of HCOOH on Pd tetrapods and bigger active
surface area of Pd tetrapods, the as-prepared Pd tetrapods
exhibit substantially enhanced catalytic performance for the
reduction of highly toxic aqueous Cr(VI) relative to the
commercial Pd black.
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