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We report use of a DMF reduction method for straightforward synthesis of binary solid solution Cu-Pd
nanoparticles (NPs) over the entire range of composition. The resulting NPs were uniform in size (less
than 2.5 nm), tunable in composition, and exhibited photoluminescent properties that were nonlinear in

composition. These binary solid solution NPs showed enhanced photoluminescent intensity and quantum
yield compared to those of the single-metal NPs and their mixtures. The highest quantum yield of 3.10%
for Cu-Pd alloy NPs synthesized using equimolar feeding ratio versus 2.75% for Cu and 0.71% for Pd

NPs was obtained. These enhancements make the alloy NPs promising materials for optical applications.

Introduction

Noble metal nanoparticles (NPs), such as Au, Ag, Cu, Pd and
Pt, have attracted significant attention because, compared to bulk

metals, they have unique and intriguing size-dependent properties.

Optical, electrical and catalytic properties, as well as melting
point depression, of metal NPs all depend on NP size, which
makes them promising for applications such as optical devices,
catalysis, biosensors, bioimaging and so on.'"'' Moreover, in sizes
of around 2 nm, metal NPs exhibit photoluminescent properties,
which are otherwise dominated by semiconductor materials.
Photoluminescent properties of metal NPs strongly depend on the
size of the NPs, their surface condition, composition and the
presence of stabilizing molecules. These parameters can be used
to control and improve the photoluminescent property of metal
NPs. Despite much effort, it remains difficult to precisely control
the size of NPs in the range below 3 nm, which is the range
needed for metal NPs to emit photoluminescence. However,
properties of metal NPs can be tuned by doping and/or by
alloying with other metals.'*"? Therefore, creating alloy NPs with
controllable composition should offer a feasible approach to
modify the photoluminescent properties of noble metal NPs.
While photoluminescent properties of noble metal NPs such as
Au, Ag, Cu and Pd as well as some of their alloys, such as Au-
Cu'*" or Au-Ag,''"” have been studied, little attention has been
given to Cu and Pd solid solution NPs. At bulk scale, Cu and Pd
can form binary solid solutions over the entire composition range,
which makes them a good system for studying the formation and
properties of binary metallic alloys at nanoscale. Therefore, our
research is aimed at fabricating solid solution Cu-Pd NPs and
investigating their photoluminescent properties as functions of
alloy composition.

Various approaches have been reported for synthesizing
photoluminescent metal NP dispersions, including chemical
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reduction, electrochemical deposition, laser ablation in liquid,
matrix sputtering and so on.”>** Because of the ability to produce
large quantities of NPs and the feasibility of controlling NP
composition, size and structure, chemical reduction methods have
been widely studied in terms of synthesis parameters, such as
metal sources, reducing agents, solvents, stabilizing agents,
temperature, etc. Many significant achievements in this research
field have focused on utilizing different types of reducing agents
to reduce the metal precursor and on various kinds of organic
capping molecules for the soft template and stabilizing agent that
control the formation of NPs. These approaches often require
additional tasks to remove by-products and unreactive or excess
compounds to obtain pure NP dispersions needed for
investigations of their properties. Taking these considerations into
account, many studies have focused on developing
straightforward chemical syntheses that yield NPs without
requiring subsequent separation or purification, especially for
NPs in the cluster regime. Therefore, using N,N-
dimethylformamide (DMF), which serves the triple role of
solvent, reducing agent and stabilizing medium, is becoming one
of the most potential approaches for synthesizing metal NPs in
sizes below 3 nm.>*** The reducing power of DMF comes from
the fact that, above 100 °C, DMF decomposes to carbon
monoxide (CO) and dimethylamine, and the generated CO can
reduce metal ions. At the same time, DMF can stabilize the
resulting NPs without the addition of other stabilizing agents; this
allows NP dispersion in DMF to be ready for use in studies of
optical properties. Consequently, the DMF reduction method has
been studied for synthesizing single-noble-metal NPs, such as Au,
Ag, Pt, Pd and Cu.28%®

Therefore, we have used the DMF reduction method to
produce solid solution Cu-Pd NPs in sizes that can produce
photoluminescence. To study photoluminescent properties as
functions of the composition of the binary solid solution NPs,
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synthesized NPs must have similar sizes with high uniformity.
Therefore, in our research, we focus on synthesis of solid solution
Cu-Pd NPs with similar sizes and various compositions, and
study their optical properties.

condenser

thermometer 3-neck flask

Stir bar

oil bath

Heating and stir rate controller

Figure 1. Experimental setup for synthesis of Cu-Pd NPs.

Experiment
Chemicals

N,N-dimethylformamide (DMF) (Wako, Japan) was used as
the reducing agent and the protecting agent. The sources for
metals were CuCl, (Kanto, Japan) and PdCl, (Kojima Chemical
Co., Japan). Water was purified by an Organo/ELGA Purelabo
system (resistivity > 18.2 MQ) and used to prepare the metal
ionic solutions.

Preparation of single-metal Cu, Pd, and binary solid solution
Cu-Pd NPs

Prior to the synthesis of NPs, metal ionic solutions of Cu(Il)
and Pd(II) were prepared. CuCl, (134.6 mg) was dissolved in 10
mL of pure water to form a 0.1 M Cu(Il) solution. A Pd(II)
solution (0.1 M) was prepared by addition of 88.4 mg of PdCl, to
5 mL of DMF in a vial. To avoid the reduction of Pd(Il), the vial
was covered with aluminium foil. This solution was stirred for 24
h at room temperature to achieve a completely homogeneous
dissolution of PdCl,. Binary solid solution Cu-Pd NPs were
synthesized according to the DMF reduction method given by Liu
et al® Briefly, 15 mL of DMF in a 50 mL three-neck round-
bottom flask was heated to 140 °C while stirring at 1200 rpm in
an oil bath. Then, the prepared Cu(Il) solution was injected into
the DMF followed by injection of Pd(II) solution (total metal
ionic solution volume of 15 uL with volume ratios corresponding
to the target composition) and heated at 140 °C while stirring at
1200 rpm for 16 h under ambient atmosphere (Figure 1). After
that, the NP dispersions were allowed to naturally cool to room
temperature and were used for further characterization. For
single-metal NPs, 15 pL of only one of the metal sources was
used in the synthesis.

Measurements and Characterization

Photoluminescent spectra, absolute quantum yields and UV-
Vis spectra were measured using a photoluminescence
spectrometer (JASCO FP-6600), JASCO F-6300-H spectrometer

4

S

5

6

6.

K

7

8

8

9

9:

o

=

b

S

a

S

S

=3

S

S

S

attached with a JASCO ILF-533 integrating sphere unit (¢=100
mm) and a UV-Vis spectrometer (JASCO V-630), respectively.
UV-Vis spectra, photoluminescence spectra and quantum yields
(QY) were measured for liquid samples using a quartz cell of 10
mm optical path.

The morphology and structures of NPs were observed using a
transmission electron microscope (TEM) Hitachi H-9500 at an
acceleration voltage of 300 kV, and a high-angle annular dark-
field TEM JEOL JEM-ARM200F operated at 200 kV. Selected
area electron diffraction (SAED) patterns were collected on a
JEOL JEM-2010F with an acceleration voltage of 200 kV, and X-
ray photoelectron spectra (XPS) were collected using a JEOL
JPS-9200 with MgKa (1253.6 eV). Samples for TEM were
prepared using an aliquot of ethanol-diluted (20 times) DMF
dispersion dropped on a carbon-coated Cu grid and dried. NP
sizes and size distribution histogram were calculated and plotted
from 100 single NPs for each sample. Samples for SAED were
prepared as follows: 3 mL of the DMF dispersion of NPs were
concentrated at 35 °C under reduced pressure for 1 h, then they
were diluted with 1 mL of ethanol and dropped on the TEM grid.

For XPS measurements, samples were prepared in the same
way as samples for SAED. The same amounts of ethanol
dispersions were dropped on silicon wafers (1 mm?); the wafers
had previously been immersed in a 1% HF solution for 1 h and
cleaned in a UV-O; cleaner (Filgen) for 5 min. Then, the sample
was heated to 60 °C to dry. The charging effect correction was
applied using the binding energy of zero-valence Si 2ps, (99.2
eV) as the reference.

Results and discussion

Syntheses of solid solution Cu-Pd NPs with tunable
compositions were conducted at input molar percentages of the
precursors of 0%, 10%, 25%, 50%, 75%, 90% and 100% for each
precursor. Figure 2 shows typical TEM images, SAED patterns
and size distributions of the NPs prepared using input molar
percentages of Cu to Pd (Cu/Pd) equal to (A) 100/0, (B) 50/50
and (C) 0/100 (see Supporting Information, Figure S1 for large
view TEM images). From the TEM images, the average sizes of
NPs were measured to be 2.0 £ 0.3, 2.3 + 0.3, 1.8 + 0.4 nm for
the synthesis using only Cu, equimolar ratio of Cu and Pd, and
only Pd precursors. Specific average sizes of NPs synthesized
from different feeding ratios are given in Table 1. The table
shows that, in all cases, NP sizes were about 2 nm (see
Supporting Information, Figures S2-S5 for TEM images and size
distributions of the NPs synthesized using other Cu/Pd feeding
ratios). This similarity in NP sizes is critically important for our
further investigations and comparisons of NP structures and
optical properties.

The SAED patterns collected from these samples clearly
indicated that the NPs had crystal structures. Moreover, the
HAADF image of Cu-Pd NPs in Figure S5-B clearly shows the
crystal structure for several single NPs. In Table 1, d-spacings
calculated from the SAED patterns of the NPs are listed
according to the feeding ratios used in the syntheses and the
resulting NP sizes. Bulk Cu and Pd form binary solid solutions
over the entire composition range and they all share the fcc
structure. The d-spacings of the alloys depend on the composition
of each metal component. The d-spacings corresponding to the
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Figure 2. TEM images and size distributions of Cu NPs (A, D), Cu-
Pd NPs synthesized using equimolar feeding ratio (B, E) and Pd
NPs (C, F). Insets of TEM images are the corresponding SAED
patterns for the NPs.

Table 1. d-Spacings of (111) crystal planes for as-synthesized NPs
calculated from the SAED patterns

d-spacing of (111) plane (A)

Feeding Mean
. . As- Reference (bulk
ratio size thesized all )a,30
(%) (nm) synthesize oy
NPs

CulO0Pd0  2.0+0.3 2.10 2.09
Cu90Pd10 2.3+0.5 NA NA
Cu75Pd25 2.3+0.3 2.17 2.13
Cu50Pd50  2.3+0.3 2.18 2.18
Cu25Pd75 2.3+0.4 2.24 2.22 (Pd at. 78.4%)
CulOPd90 2.1+0.5 NA NA
Cu0Pd100 1.8+0.4 2.32 2.25

2.30 (Pd 2.6 nm)’!
2.29 (Pd 2.4 nm)*
2.35 (Pd 2 nm)*

"The d-spacings of bulk Cu, Pd and alloys were calculated
from the lattice parameter given in Reference 30.

10 (111) crystal plane of the as-synthesized NPs increased as the Pd
feeding ratios increased. The results in Table 1 show the same
tendency as found in the bulk alloy with increasing Pd content.*
This suggests the formation of binary solid solution Cu-Pd NPs

15

20

25

30

35

40

45

50

55

Pd3dy, Pd3ds,

— Cu/Pd=100/0

—— Cu/Pd=90/10

1 ]
1 N
N o e Cu/Pd=75/25
= A N
< & — e
=4 7 > i A0 Cu/Pd=50/50
= v = A~ / IS
2 N 2|~ o o
SH—" & 1 ,‘l - Cu/Pd=25/75
- 1/ - - N 1
£ 1 £ /1 s
= o . —— Cu/Pd=10/90
1 1 1
e e enyy o R iy — Cu/Pd=0/100
940 935 930 925 345 340 335 330

Binding energy /eV Binding energy /eV

Figure 3. XPS core level spectra for Cu 2p3/, and Pd 3d areas of
Cu-Pd NPs with input feeding ratios for Pd increasing from top to
bottom. Dashed lines mark the binding energy for (left) Cu 2p;,
of Cu NPs (at 933.5 eV) and (right) Pd 3ds;, and Pd 3d5/, (336.2
and 341.4 eV, respectively) of Pd NPs.

and provides a good indication that the content of each
component in the alloys is controlled by changing the feeding
ratio of the precursors. Note that the d-spacings of the resulting
NPs synthesized using all feeding ratios are slightly larger
compared to the bulk counterparts. The most significant increase
in d-spacing occurs for pure-metal Pd NPs, which have the
smallest size (1.8 + 0.4 nm) among all synthesized NPs (2.0 + 0.3
nm for Cu NPs and 2.3 + 0.3 for Cu-Pd NPs synthesized using an
equimolar feeding ratio of Cu to Pd and so on). The Pd NPs in
our experiment had a d-spacing of 2.32 A for (111) planes while
the corresponding value for bulk Pd is 2.25 A. This different may
be because of the large portion of surface atoms on Pd NPs since
the Pd NPs were so small. As a result, the d-spacing increased, as
shown in Table 1, especially for Pd NPs. This has been reported
by other scientists for Pd NPs with even larger sizes; e.g. for 2.0—
2.6 nm’"* the d-spacing was reported to be 2.29-235 A
compared to 2.25 A of bulk Pd. Therefore, except for the pure-
metal Pd and Cu NPs with smaller sizes, Cu-Pd NPs with similar
sizes exhibited a systematic increase in d-spacing as the Pd
feeding ratios was increased; this is a good evidence for the
formation of binary solid solution NPs.

The formation of binary solid solution Cu-Pd NPs and the
ability to control alloy compositions were further investigated
using XPS spectra of Cu-Pd NPs. Figure 3 shows XPS core level
spectra for Cu 2ps,, Pd 3ds, and Pd 3ds), after correcting for
charging effects using the zero-valence Si 2ps, peak at 99.2 eV
and subtracting background.

In Figure 3, the binding energy positions for Cu 2ps/, at 933.5
eV in Cu NPs, Pd 3ds,, at 336.2 ¢V and Pd 3ds, at 341.4 eV in Pd
NPs are marked by vertical dashed lines to aid the visualization
of the chemical shifts. These values were higher than those of
bulk Cu and Pd metals (Cu 2ps,: 932.8 eV, Pd 3d;,: 340.3 eV,
Pd 3ds,: 335.1 eV); these often originate from the reduction in
screening of the core hole state by conduction electrons and the
cores of neighbouring atoms during relaxation processes for
metal NPs compared to those in bulk metals (cluster effect).’*
The screening effect seems to be stronger in Pd than in Cu,
possibly because in a 3d transition metal like Cu, charge

This journal is © The Royal Society of Chemistry [year]
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Figure 4. Peak deconvolutions for Pd 3d core level (A) and Cu 2p
core level (C) in Cu-Pd NPs synthesized using the equimolar
Cu/Pd feeding ratio. Red curve and dotted curve represent the
sum of peak components and raw data, respectively. (B) and (D)
give peak positions of each component of Pd 3ds;, and Cu 2p3/;
as functions of Pd atomic feeding ratio, respectively.

screening partially comes from the less effective s electron, which
is mostly negligible in Pd.

The core level spectra of Pd 3d contain peaks that are broad,
highly asymmetric and even split at high Cu content; this may be
due to the convolution of several Pd components. In our case, the
Pd 3ds;, spectrum can be deconvoluted into three symmetric
peaks for Pd in Cu-Pd NPs and two for Pd single-metal NPs.
These three components are assigned to PdO, the Pd core and the
Pd surface in order of decreasing binding energy (Figure 4A); in
Pd NPs, the PdO component seems negligible. The difference in
the core level binding energy of the latter two components, Pd on
the surface and Pd in the core of NPs, is mainly due to the smaller
amount of bonding of Pd that can occur on NP surfaces. Hetero-
bonding of Pd with Cu may mainly cause the core binding energy
of Pd to be positively shifted (explained below). The binding
energy separation between the first and second components is in
good agreement with that between PdO and zero-valence Pd for
the bulk metal. For the Cu 2p core level, curve fitting can be done
using two components in which the first component at the higher
binding energy belongs to copper oxide (CuO) and the other is
for zero-valence Cu (Figure 4C). The oxide component is most
significant in single-metal Cu and quickly decreases as the Pd
feeding ratio increases; this behaviour is opposite to that of the
relative intensity of the oxide component in the Pd 3d core level
(data not shown). Details of the peak parameters are given in the
Supporting Information.

Figure 4B shows the XPS 3d core level of Pd in the Cu-Pd NPs,
and the relation of each component to the feeding ratio of Pd. The
most positive shifts in all Pd components occurred for NPs
synthesized with low Pd ratios because there is increased
possibility that relatively small amounts of Pd will be better
distributed in a Cu matrix. For Cu 2ps),, the most negative shift
appeared in Cu-Pd NPs synthesized using high feeding ratios of
Pd (Figure 4D). Considering core level peak positions for Cu-Pd
NPs over the entire range of composition, Cu 3p;, shifts to lower
binding energies as the Pd ratio increased, while Pd 3ds, (both
core and surface components) shifts to higher binding energies as
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Figure 5. UV-Vis extinction spectra of as-synthesized Cu-Pd NPs
with various molar feeding ratios.

the Cu ratio increased. This is similar to what has been observed
for the bulk Cu-Pd alloy.*® This is explained based on the
formation of Cu-Pd alloy, which can modify the electronic
structure of the valence d band of both Cu and Pd in such a way
that the electron density near the Fermi level in Cu increases with
an opposite change in valence band for Pd. In transition metals,
screening of the core hole by d electrons is most effective, so the
electron density in the valence band strongly affects relaxation of
the core hole. As a result, increasing Cu content in the Cu-Pd
alloy increases the positive shift of Pd 3ds, while the opposite
occurs for Cu 2ps,.>¢ The shift of core level binding energies for
Cu and Pd in Cu-Pd NPs with composition further contributed to
the formation of the binary solid solution Cu-Pd NPs. In addition
to the analysis of SAED shown previously, these results for XPS
indicated the successful formation of binary solid solution Cu-Pd
NPs by the DMF reduction method. Even though elemental
analysis for single or several NPs is not feasible using TEM-EDS,
due to the fact that very small NPs capped with organic
molecules cause low signals of Cu and Pd, and hardly clearly
distinguish from the background, successful alloy formation and
the later confirmation of complete reaction (UV-Vis results) of
precursors suggest that composition of NPs are as same as the
corresponding feeding ratios.

Optical properties

Optical properties of the synthesized NPs were investigated
using UV-Vis and photoluminescent spectroscopy. Figure 5
shows UV-Vis extinction spectra for our solid solution Cu-Pd
NPs. The absence of absorption for PdCl, and CuCl, indicates
that the precursors were completely consumed in the reaction.
Absorption edge locations shift to longer wavelengths as the
amounts of the two metals approach each other, and the location
reaches the longest wavelength for the sample synthesized using
the equimolar ratio of Cu to Pd. The change in the absorption
edge with composition of NPs may arise from the change in the
energy gap of the resulting solid solution NPs due to alloying
between Cu and Pd. In the bulk dilute Cu-Pd alloy, alloying
increases the electron density near the Fermi level of the Cu-d
band for Cu-rich alloy as the amount of Pd increases. In contrast,
adding Cu to Pd-rich alloy causes some withdrawal of electron
density near the Fermi level of the Pd d-band. Therefore, the
strength of the effect that each metal has on the other when
alloying and their amounts in the alloy determine the energy gap
of alloy NPs, especially when the amounts of both metals are not
negligible. In this case, the Cu-Pd NPs synthesized from
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Figure 8. Photoluminescence peak position (A), intensity (B) and quantum yield (C) of solid solution Cu-Pd NPs (left column) and
15 corresponding values for mixtures of single-metal Cu and single-metal Pd NPs (right column). Dots in panels (A-b) and (B-b) were
obtained from mixture of single-metal Cu and Pd NPs; lines connecting pure Cu and pure Pd NPs are to guide the eye.

with composition. Moreover, the sample with the least amount of
30 Pd was excited by and emitted shorter wavelengths, while
samples containing close to equimolar amounts of Cu and Pd
show the longest wavelength emissions. This is consistent with
the UV-Vis absorption results. To analyse the relation between
photoluminescent properties and alloy NP composition, not only
35 the photoluminescent peak position but also the peak intensity
and quantum yield are plotted versus feeding ratios (Pd
atomic %) in Figure 8. Corresponding values for mixtures of Pd
and Cu NPs are also included for comparison. Figure 8(A-a)
shows how the peak position of alloy NPs changes with

equimolar feeding ratio had the smallest energy gap; this may be
because of the largest rise in the valence band of alloy NPs,
20 which is a result of strong hybridization of Cu and Pd d-band
occur at the equimolar composition.*®
The resulting NPs have the photoluminescent properties shown
in Figures 6 and 7. Figure 6 shows photographs of Cu-Pd
dispersions under room light and UV light (365 nm); in the later,
»s the samples clearly emit blue photoluminescence. Figure 7
compares excitation and emission spectra of Cu-Pd NPs for
various Cu/Pd feeding ratios. The excitation wavelength,
emission wavelength and photoluminescence intensity change

This journal is © The Royal Society of Chemistry [year] Journal Name, [year], [vol], 00-00 | 5
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composition, while Figure 8(A-b) does the same for mixtures of
single-metal Cu and single-metal Pd NPs. Figure 8(B) shows the
effects of composition on peak intensities of alloy samples and
mixtures of single-metal NPs. Nearly linear changes occurred for
mixtures of single-metal NPs, while synthesized alloy NPs show
nonlinear relations between feeding ratios and photoluminescent
peak position, photoluminescent intensity and absolute quantum
yield. In each case, the maximum occurred at the equimolar
feeding ratios. For photoluminescent intensity, the maximum at
equimolar ratio, probably occurred because enhancement of
electron density in the Cu d-band was largest at that composition,
and this electron density is main contributor to photoluminescent
emission.

Similar to the trends in excitation wavelength, emission
wavelength and photoluminescence intensity, solid solution Cu-
Pd NPs show enhanced quantum yield, especially compared to
the single-metal NPs (2.75% for Cu NPs and 0.71% for Pd NPs).
The sample obtained from the equimolar feeding ratio had the
highest quantum yield (3.10%). We noted that absolute quantum
yield was measured using integrating sphere, which allows
multiple reflections on the inner surface of the integrating sphere
(the inner surface of the sphere was mounted by highly reflective
materials, typically 99%, for the range of wavelength used in our
measurement) and eliminates most of optical anisotropy,
combined with highly sensitive detector. This method is well
known to achieve highly accurate quantum yield with less than
0.01% theoretical uncertainty, and particularly, less than 0.1% for
our data. Additionally, the increase in photoluminescence
quantum yield of the equimolar alloy NPs was obtained
reproducibly for different synthesis batches. Therefore the
enhancement of quantum yield for equimolar alloy NPs compared
to single-metallic Cu NPs and alloy NPs with non-equimolar
composition was evident from these measurements. These results
indicate that Cu-Pd NPs with higher photoluminescence intensity
and quantum yields can be synthesized using DMF reduction. In
contrast, in Au-Cu alloy NPs, the properties were bounded by the
for single-metal NPs.'* In Cu-Pd alloy NPs,
photoluminescent properties were enhanced compared to those in
the corresponding single-metal NPs. This result is important for
alloy NPs to modify and improve photoluminescent properties.

values

Conclusions

Binary solid solution Cu-Pd NPs with uniform sizes and
tunable composition have been successfully synthesized using a
DMEF reduction method. The resulting alloy NPs show enhanced
photoluminescent properties compared to single-metal NPs with
similar sizes. Even though the origins of the enhancements are
still under investigation, the formation of solid solution Cu-Pd
NPs has been demonstrated to be a straightforward way to control
and improve the photoluminescent properties of metal NPs, so
this synthesis method is promising for various optical
applications.
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Solid solution Cu-Pd nanoparticles NPs, with uniform in size
(less than 2.5 nm), tunable in composition, and exhibited
photoluminescent properties being nonlinear in composition,
could be successfully obtained by DMF reduction process.



