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MPd (M = Co, or Cu) nanoparticles (NPs) were synthesized
by borane-amine reduction of metal acetylacetonates. The
size of the MPd NPs was controlled at 3.5 nm and their
compositions were tuned by the molar ratios of the metal
precursors. These MPd NPs were active catalyst for
electrochemical oxidation of formic acid and the Cus,Pd,
NPs showed the highest mass activity at 1192.9A/gp;, much
higher than 552.6 A/gpq obtained from the 3.5 nm Pd NPs.
Our synthesis provides a facile route to MPd NPs, allowing
further investigations of MPd NP catalysts for
electrochemical oxidation and many other chemical reactions.

Synthesis of nanoparticles (NPs) of palladium (Pd) and its
alloys with first-row transition metals has attracted much
attention due to the important catalytic roles these NPs play in a
variety of chemical reactions,' including electrochemical
oxidation of formic acid (FA)?. Conventionally, the FA oxidation
reaction (FAOR) is catalyzed by platinum (Pt) catalysts and is
used to couple with the oxygen reduction reaction in direct FA
fuel cells to convert chemical energy stored in FA into electric
energy. However, Pt catalysts developed for the FAOR are prone
to CO poisoning due to the formation of CO from FA
dehydration reactions and strong Pt-CO binding.* In the efforts to
develop an advanced catalyst with high CO-tolerance,
nanostructured Pd materials have come to light.* Studies show
that accumulation of CO on the surface of Pd is very slow,’ and
Pd’s resistivity to surface deactivation can be further enhanced
when an early transition metal (M) is present adjacent to Pd,
making MPd NPs an important class of catalysts for the FAOR.°
Therefore, it is important to prepare monodisperse MPd alloy
NPs with controlled sizes and compositions so that their catalysis
for FAOR can be tuned and optimized.

Here we report a facile and generalized synthesis of
monodisperse MPd NPs (M = Co or Cu). Previously, MPd NPs
were prepared by impregnation,”™™ sputtering,’ acidic
dealloying™, and electrodeposition ’° methods with limited size
and morphology control. We have recently showed that
monodisperse CoPd and CuPd alloy NPs could be prepared in the
presence of oleylamine (OAm) and trioctylphosphine (TOP).?
However, the presence of multiple surfactants, especially TOP,
around the MPd NPs makes it difficult to activate MPd NPs for
catalytic studies. Different from our previous synthetic protocols,
the current method applies a simple organic phase co-reduction of
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metal acetylacetonate, M(acac),, and Pd(acac), by borane ¢-
butylamine (BBA) in OAm and 1-octadecene (ODE). In this
protocol, BBA serves as a mild reducing agent, OAm acts as the
surfactant and ODE is used as solvent. In the current reaction
condition, MPd NPs are synthesized with an average size of 3.5
nm. This size controlled synthesis made it possible to study M-
dependent catalysis for FAOR. Our studies showed that CuPd
NPs were more efficient catalyst than the CoPd NPs. For
CuzgPd;y NPs, their mass activity reaches 1192.9 A/gpy. To our
knowledge, this is the highest mass activity value ever reported
for a Pd-based NP catalyst.*®°

Monodisperse MPd NPs were synthesized by injecting the
OAm solution of M(acac), and Pd(acac), into the OAm/ODE
solution of BBA. The injection induced a burst co-nucleation of
M and Pd, facilitating the formation of MPd alloy NPs with
controlled size and composition. For example, to synthesize
CospPd;9 NPs, 3 mL OAm solution consisting of 0.3 mmol of
Pd(acac), and 0.3 mmol of Co(acac), was injected into the
OAm/ODE (3 mL OAm and 7 mL ODE) solution of BBA (2.3
mmol) at 100°C under vigorous magnetic stirring. The reaction
was allowed to proceed for 1 h and then cooled down to room
temperature before acetone/ethanol was added to precipitate/wash
CoPd NPs. The CoPd NPs were redispersed in hexane for further
use.

e

(E)

Final Cobalt Content
(atomic %)
=888222
A
\
a

03 05 0. 0.9
Initial Cobalt Precursor Percentage

Fig.1 (A) TEM image of CosPd7y, (B) HR-TEM image of CosoPd, (C)
TEM image of CossPdss, and (D) TEM image of CoPdsy NPs. (E)
Relationship between initial cobalt molar ratio and final cobalt content in
NPs.
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Fig. 1A is a representative transmission electron microscopy
(TEM) image of the as synthesized Co;oPd;; NPs and Fig. 1B
shows are the high resolution TEM (HRTEM) of a single CoPd
NP. Their size is measured to be 3.35 = 0.32 nm. The CoPd NPs
have a measured interfringe spacing of 0.22 nm, close to the
interplanar distance of Pd (111) planes (0.223 nm). The
composition of these NPs can be controlled by tuning metal
precursor ratios. For example, 0.45 mmol of Co(acac), and 0.11
mmol of Pd(acac), yielded Co4oPd;, (Fig. 1C) and 0.25 mmol of
Co(acac), and 0.11 mmol Pd(acac), yields CossPdys. Fig. 1E
shows a linear correlation between the initial amount of Co
precursor and the final atomic percentage of Co in the NPs,
indicating that Co is readily incorporated into the NP structure.

The method used for the synthesis of CoPd NPs could be
readily extended to prepare Pd NPs. To synthesize 3.5 nm Pd
NPs, 0.25 mmol Pd(acac), was first dissolved in 3 mL of OAm,
and subsequently injected into a mixture of 2.3 mmol of BBA, 3
mL of OAm and 7 mL ODE at 100°C. Fig. S1 shows the Pd NPs
of 3.55 £ 0.43 nm in diameter.

To prepare the CuPd NPs, we found that morpholine borane
(MB), instead of BBA, was better used to control the Cu/Pd
composition at a lower injection temperature of 80°C. Our tests
indicated that BBA reduced Pd(acac), too quickly compared to
Cu(acac),, which could lead to separate nucleation events and the
formation of a mixture of Pd and CuPd. A milder reducing agent,
such as MB,'® and lower injection temperature could solve this
problem and produced monodisperse CuPd NPs with controlled
sizes and compositions. CuzgPd;; NPs were prepared by first
dissolving 0.15 mmol of Cu(acac), and 0.35 mmol of Pd(acac),
into 3 mL of OAm. This solution was then injected into a mixture
of MB (1.5 mmol), 3 mL OAm and 7 mL ODE at 80°C; the
reaction mixture was subsequently raised to 100°C and kept at
that temperature for 1 h. In the current reaction condition, Cu-
rich alloys, Cu;5Pd,s or CugyPd;g NPs could be produced by MB-
reduction of 0.35 mmol Cu(acac), and 0.1 mmol Pd(acac), or 0.3
mmol Cu(acac), and 0.3 mmol Pd(acac), respectively.

Fig. 2 (A) TEM image of CuzyPd;y NPs and (B) HRTEM image
of a single Cu,yPd;q NP.

Fig. 2A is a representative TEM image of the Cu;oPd;y NPs.
They are measured to be 3.38 + 0.33 nm in diameter. The
HRTEM image of a single CuPd NP (Fig. 2B) shows an
interfringe distance of 0.22 nm. This values is close to the (111)
interplanar spacing of fcc-Pd (0.223 nm) and fee-Cu (0.21 nm).
We further characterized the NP structure by XRD. Figure 3
shows the XRD patterns of the CuPd, as well as Pd and CoPd
NPs. The (111) peaks are broad and shift to slight higher angel
from Pd (200 = 39.76°), CuPd (2] = 39.98°) to CoPd (2[] =
40.1°). Using Scherrer’s equation, we estimated the crystal
domain sizes of the CuPd and CoPd NPs to be 1.1 and 2.1 nm,
respectively, which are all smaller than what are measured from
TEM analyses. These results confirm the solid solution and
polycrystalline nature within MPd NPs.
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Fig. 3 XRD patterns of Pd and MPd NPs

The injection of the metallic precursors into the reducing
agent solution at a properly controlled temperature is a key for
the alloy formation as it ensures the simultaneous reduction of the
precursors and co-nucleation/growth of MPd alloys. We can even
alter the NP size and composition by simply changing the
injection and growth temperature. For example, 0.3 mmol of
Co(acac), and 0.3 mmol of Pd(acac), injected and kept at 75 °C
leads to 3.08 + 0.38 nm Co,sPd;s NPs. At 125 °C, 4.11 + 0.34
nm Coj3;Pdg; NPs are formed (Fig. S2). Our synthesis differs
from the previous approach to CoPd NPs®* in which high
temperatures (> 265 °C) were required to facilitate the
decomposition and reduction of the metal precursors in the
presence of OAm and TOP. TOP was the key in the previous
synthesis to achieve NP composition and morphology control on
CoPd alloy NPs. However, TOP is tightly associated with the
NPs due to the strong n-backbonding between Pd and P, making
it difficult to remove TOP to activate the NPs for catalytic
studies. In our new protocol, BBA or MB is used as a reducing
agent and OAm as the surfactant. NPs stabilized by OAm are
more readily activated due to the weaker -NH,-Pd binding.

Pd NPs have been shown to be active catalysts for the formic
acid oxidation reaction (FAOR).*'" This is because Pd facilitates
oxidation via a direct 2 electron oxidation pathway (Eq. 1) in
comparison to an indirect pathway seen on Pt catalysts (Eqs. 2-1
and 2-2), which requires higher overpotentials for complete
oxidation. 5!

HCOOH — CO, + 2H" + 2¢” (Eq. 1)
HCOOH — CO, + H,0 (Eq. 2-1)
CO, + H,0 — CO, +2H" + 2¢ (Eq. 2-2)

To oxidize FA into carbon dioxide and hydrogen, the O-H
and C-H bonds must be broken. The O-H bond is readily broken
by Pd in the entire potential range, whereas Pt can break the C-O/
C-H bond at lower overpotentials but requires high overpotentials
to break the O-H bond.*'> FAOR on Pt surfaces proceeds via a
dehydration pathway; the CO product ultimately adsorbs onto the
surface, hindering active sites and deactivating the catalyst. Pd
promotes the dehydrogenation pathway,” making it a promising
candidate as an anode catalyst for FAOR. Alloying Pd with
different first-row transition metals changes its electronic
structure and can further enhance its FAOR activity.®

To study MPd NPs for FAOR, we deposited the MPd NPs on
Ketjen carbon support by mixing and sonicating the mixture at a
1:2 NP:C weight ratio in 50 mL of hexane/acetone (v/v 1/1). The
catalyst, denoted as C-MPd, was separated by centrifugation and
washed with hexane twice. To activate C-MPd for the FAOR, we
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annealed it in air overnight at 150°C. From our preliminary
FAOR testing on different C-CoPd NPs, we found that the
Co3¢Pdyy exhibited the highest activity. Therefore, we chose the
Mj;0Pd;, for an in-depth electrochemical study.

The TEM image of the annealed and activated C-CozoPd;
(Fig. S3) showed that the NPs had no visible morphology and
size change during the treatment. XRD of the annealed C-
Co;9Pd;, indicated no obvious oxide formation. The C-NP
catalyst was suspended in a mixture of D. I. water, 2-propanol,
5% Nafion at the volume ratio of 4/1/0.05 under sonication to
form a 4 mg/mL ink. 5 pL of this ink, containing 0.02 mg of
MPd, was dropped onto the surface of the glassy carbon (GC)
working electrode and dried under ambient conditions.
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Fig. 4. (A) CVs of M;¢Pd;y NPs at 25 °C in N, saturated HCIO,
(scan rate = 50 mV/s). (B) CV curves of the three different NP
catalysts at 25°C in N, saturated 0.1 M HCIO4 and 0.1 M
HCOOH. (scan rate = 50 mV/s).

Figure 4A is the cyclic voltammetric (CV) scans of two
different MPd NPs in N, saturated HC1O, solution. The peak in
the -0.2 to 0.1 V range is attributed to proton reduction/hydrogen
adsorption (from 0.1 to -0.2 V) and hydrogen
oxidation/desorption (from -0.2 to 0.1 V) on the NP surface. The
catalyst is oxidized at potentials higher than 0.5 V and the
oxidized species are reduced in the negative scan direction in the
0.6-0.3 V range. Because all the NPs have similar Pd content, the
observed current intensity is largely influenced by the M.
Because of the incorporation of M with Pd, we expect the
reduction peaks of both CoPd and CuPd NPs to shift from Pd
(0.44 V). The reduction peak from the CoPd occurs at 0.45 V
while that from the CuPd appears at 0.4 V. The proximity
between the CoPd and Pd seems to indicate that the surface of the
CoPd is predominated by Pd. As comparison, the observed
reduction peak at 0.4 V for the CuPd NPs infers that both Cu and
Pd appear on the CuPd surface. Our controlled etching
experiments also showed that Co in CoPd was more easily etched
than Cu in CuPd.

The catalytic activity of the C-MPd and C-Pd on FAOR were
evaluated in 0.1 M HCIO, + 0.1 M HCOOH. The oxidation
current obtained from FAOR in the -0.2 to 0.9 V region were
normalized against the Pd weight for each catalyst as measured
by ICP and shown in Fig. 4B. In the positive scan, FA is oxidized
and the current is M/Pd composition dependent with CuPd
showing the highest current value. At more positive potentials,
the alloy is oxidized, leading to the decrease in activity and the
drop of the current. In the reverse cathodic scan, the oxidized NP
surface is reduced and FA is instantly oxidized as indicated by
the sudden increase in the current. From Fig. 4B, we can see that
the MPd catalysts show exceptional enhancement in mass activity
compared to the monometallic Pd. The C-Pd catalyst has a peak
potential at 0.239 V with a corresponding mass activity of 552.6
A/gpg. This value is higher than what we observed in FAOR
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catalyzed by 7 nm TOP stabilized Pd NPs. Comparing with
different C-MPd catalysts, we see that there is a 10 mV and 80
mV positive shift in the peak oxidation potential of the C-
Cu3gPd;y and C-CozPd;y catalysts, accompanied with a
significant increase in current density. Among the MPd catalysts
evaluated, the Cu;)Pd;, catalyst exhibits the highest current
density of 1192.9A/gp4 at 0.254 V vs Ag/AgCl. In the negative
scan, we observe a similar trend between Pd and the M;,Pd;,
catalysts; once again the MPd catalysts exhibit greater mass
activity than Pd with CuPd showing the highest activity.

From the data presented, the M in MPd enhances the NP
catalysis for FAOR. All the catalysts were treated equally and
have similar compositions. ICP analysis after the reaction showed
CosgPd;y and CuzoPd;y had final compositions of CosPdys and
Cu,Pdy;. Since the CoPd and CuPd catalysts have similar final
composition after the FAOR tests, we can conclude that the
difference in activity must be attributed to the electronic effect of
M on the MPd alloy structure. The presence of less
electropositive Cu in CuPd must be better optimized for the
dehydrogenation reaction, promoting more favorably HCOOH
adsorption and dehydrogenation on Pd than Co does on Pd.

In conclusion, we have presented a facile approach to
monodisperse MPd (M = Co, or Cu) NPs via borane-amine
reduction of metal acetylacetonates. The NP size was controlled
at 3.5 nm and their compositions were easily tuned by altering the
metal precursor ratios. The polycrystalline MPd NPs can be
readily activated for catalytic FAOR with M;oPd;; NPs
displaying higher activity than Pd NPs and CuzoPd;, NPs
exhibiting the mass activity of 1192.9 A/gp,. This report provides
experimental support of the synergistic effect between the
constituent metals in the MPd system on their role in catalytic
activity enhancement. These MPd NPs should not be limited to
catalyze just FAOR, but many other chemical reactions as well.
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Experimental Section

The synthesis was carried out using standard airless procedures and commercially available reagents. All
reagents were used as received. 1-Octadecene (ODE), oleylamine (OAm) (> 70%), morpholine borane (MB) (95%),
borane tert-butylamine (BBA), palladium acetylacetonate (Pd(acac),, 99%), copper acetylacetonate (Cu(acac),),
cobalt acetylacetonate (Co(acac),, > 97%), carbon monoxide (> 99%) and Nafion 117 were purchased from Sigma
Aldrich. Nickel (II) acetate tetrahydrate (NiAc,*4H,0, 98%) was obtained from Strem chemicals. Ketjen Black
(800m2/g) was obtained from Tanaka Precious Metals. ACS Grade formic acid (98%) was purchased from EMD.

Synthesis of 3.5 nm Coz)Pd;y NPs

0.2 g of BBA was mixed with 3 mL. of OAm and 7 mL of ODE and heated to 100°C. Separately, 0.3 mmol
Co(acac), and 0.3 mmol Pd(acac), were dissolved in 3 mL of OAm at room temperature and injected into the 100 °C
solution. The reaction was maintained at 100°C for 1 h and subsequently cooled to room temperature. The NPs
were separated from the solution by adding acetone and centrifugation. The NPs were dispersed in hexane and
precipitated by ethanol and centrifugation. The purified NPs were then dispersed in hexane for further use.

Composition Control of CoPd NPs.

In similar conditions described in the synthesis of CoPd NPs, changing the composition of the starting metal
precursor ratio leads to different composition CoPd NPs. For instance, reaction of 0.45 mmol or 0.25 mmol of
Co(acac), with 0.11 mmol Pd(acac), yielded Co;oPd;, or CossPds NPs respectively.

Synthesis of Cuz(Pd;y NPs

0.2 g of MB was mixed with 3 mL of OAm and 7 mL of ODE and heated to 80°C. Separately, 0.15 mmol
Cu(acac), and 0.35 mmol Pd(acac), were dissolved in 3 mL of OAm at room temperature and injected into the 80 °C
mixture. The reaction was raised to 100°C for 1 h and subsequently cooled to room temperature. The NPs were

separated from the solution with a similar process described in the synthesis of CoPd NPs. Cu;5Pd,s or Cug,Pd;g NPs
could be produced by changing the starting Cu:Pd molar precursor ratios to 0.35:0.1 or 0.3:0.3, respectively.

Synthesis of 3.5 nm Pd NPs

These NPs were synthesized in similar conditions as the CoPd NPs, using 0.25 mmol of Pd(acac),.
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NP Characterization

Samples for transmission electron microscopy (TEM) analysis were prepared by depositing a single drop of the
diluted NP dispersion in hexane on amorphous carbon coated copper grids. Images were obtained on a Philips
CM20 at 200 kV. High resolution TEM (HRTEM) images were obtained on a JEOL 2100F with an accelerating
voltage of 200 kV. XRD patterns were recorded on a Bruker D8 Discover (Cu Ka). Inductively coupled plasma
(ICP) elemental analysis measurements were carried out on a JY2000 Ultrace ICP Atomic Emission Spectrometer
equipped with a JY AS 421 autosampler and 2400g/mm holographic grating. For ICP analysis, an aliquot of the NPs
in hexane was dried and subsequently dissolved in warm (~75°C) aqua regia for 30 min to ensure complete
dissolution of metal into the acid. The solution was then diluted with 2% HNO; solution for analysis.

NP Preparation for Electrocatalytic Evaluation.

The NPs were supported onto Ketjen carbon in a 1:2 wt. ratio. An appropriate amount of the Ketjen Carbon
was measured and sonicated (Fischer Scientific FS 110) in a 20 mL of hexane and 5 mL of acetone for 30 minutes.
Then, an appropriate wt. amount of NPs dispersed in 20 mL of hexane was added dropwise to the Ketjen carbon
solution and kept for 1 h under sonication. The C-NP was recovered by centrifuging the mixture at 8000 rpm for 8
min. The colorless supernatant was discarded and the C-NP product was washed with hexane and dried under
nitrogen. The C-NPs were annealed in air at 165 °C overnight. An appropriate amount of product was weighed and
dispersed in deionized water, isopropanol, and Nafion in a 4:1: 0.025 to yield a suspension of 4 mg/mL C-NPs. All
C-NP catalysts were prepared in the same manner.

Electrochemical Evaluation of NPs/C for FAOR

SuL of the 4 mg/mL C-NP suspension prepared above was dropped onto a rotating disk electrode (RDE) with a
glassy carbon surface (5 mm in diameter). The electrochemical measurements were performed on an Autolab
Potentiostat from Metrohm Instrument Company (Autolab 302) by a cyclic voltammetry technique. Ag/AgCl and a
Pt mesh wire were used as the reference and counter electrodes, respectively. The NP catalysts were evaluated for
the FAOR in nitrogen saturated 0.1 M HCIO, + 0.2 M HCOOH solution at 25°C. The C-NP was first
electrochemically cleaned by scanning the potential from -0.2 V to 0.9 V for 30 cycles at 100 mV/s. All subsequent
measurements were then scanned at a rate of 50 mV/s. The mass current was normalized to mA/cm® by dividing the
measured electrode currents over the electrochemically active surface area of the C-NP catalyst.

Supplemental Figures

Figure S1 — TEM image of the as-synthesized Pd NPs
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Figure S-2 : TEM images of the CoPd NPs synthesized at (A) 75 °C and (B) 125 °C




