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We have explored size- and shape-controlled synthesis of platinum nanocrystals (Pt NCs) by
systematically comparing the differential reducing performance of two competing reducing agents in
a one-pot synthesis: hexadecanediol, a weak reducer, and metallic cobalt or superhydride, stronger
reducers of Pt. In addition to its role as a metal reducer, Co also functions as a shape-directing agent
and is incorporated into the PtNCs, forming a PtCo alloy structure. Bymaintaining a constantHDD
concentration and systematically increasing theCo content, the shape of the resultingNCswas found
to alter frompolypods, when noCowas present, to cuboctahedrons and cubes when trace amounts of
Co were added, and back to polypods when Co dominated the reduction process. On the other hand,
when the concentration of HDD was systematically increased (with Co kept constant), evolution
from polypod morphology to prismatic/spherical/cubic NCs, followed by irregular shapes was
observed. Both experimental results indicate the importance of the competitive role between the
reducing agents, their concentration limits for achieving a controlled morphology, and the presence
of Co as a shape-directing agent to alter the NC shape. This allows the exploration of a wide range of
NC morphologies without significant modification of the synthesis recipe.

Introduction

The basic components needed for a nanocrystal (NC)
wet-synthesis include a metal precursor, a surfactant
agent (also known as a stabilizing or templating agent),
and a reducing agent. With the increasing interest in the
fabrication of robust colloidalNCswith controllable size,
shape, and composition, many syntheses have been ex-
tended to the use of two ormoremetals, creating alloys or
hybrid NCs1-4 in the presence of one or two surfactant

agents (e.g., alkyl thiols,5 carboxylic acid,6 amines,7,8

phosphine,9 or polyol10,11), making the reaction mixtures
more complex. In some cases, the surfactant is also used
as a reducer, as illustrated in the synthesis of Au with
sodium citrate,12 or as a solvent in the case of CdSe with
trioctyl phosphine oxide.1a On rare occasions, two redu-
cing agents are required, as in the case of hydroquinone,
where the initial reduction of a small fraction of Ag ions
has to be instigated by another reducer before hydroqui-
none can reduce the remaining Ag ions for NC growth,13

or the use of ascorbic acid to reduce Au3þ to Auþ,
followed by subsequent reduction using Au seeds for
the synthesis of Au nanorods.7b However, in these cases,
the reducers were employed in a sequential manner rather
than having a competitive role. In general, the kinetics of
a NC synthesis can be manipulated by changing the
concentration, temperature, reducing power, and addi-
tives/surfactants, which produce complex intermediates
that accelerate or slow down the precursor reduction,
affecting both the nucleation rate and the nuclei stability.
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Despite numerous reports on the importance of kinetic
control in NC growth, mixtures of reducers to accelerate
the reduction of a fraction of the precursor at a desired
moment during the nucleation-growth process have not
been explored.
One of the reasons for perfecting and understanding

the nature of colloidal NC synthesis is their efficacy in a
wide variety of applications.14-17 For example, platinum
(Pt) NCs have been intensely researched in areas of
plasmonic and fuel cell catalysis because of their novel
and effective optical and catalytic properties that are of
vital importance in the development of new “greener”
technologies.18-21 Ever since El Sayed22 and Somorjai23

demonstrated how Pt shaped NCs can affect the selec-
tivity and activity in a catalytic reaction (because of the
ability to expose a specific set of facets), a considerable
number of reports describing different approaches to the
synthesis of shaped Pt NCs have emerged.24-28 Recently,
our group reported the shape-control of Pt NCs in the
presence of different Co traces and other metals at one

constant concentration (<5%).29 As discussed, in addi-
tion to the weak reducing agent (Hexadecanediol, HDD),
a Co trace can function as both ametal reducer and shape
directing agent. The use of metals as reducers was also
recently reported by Zou et al. where tungsten (not at a
trace concentration) was added as a foreign element to
reduce the Pt precursor.30 The authors reported that
without W(CO)6, Pt3Ni NCs could still be produced,
but their morphology appeared to be much less con-
trolled, indicating again the influence of kinetic control
on NC morphology.
While the concept of shape-control is not new, the

process by which it occurs is still not fully understood.
In this work, we explore the synthesis of Pt NCs in the
presence of Co0 with a broad range of reducer composi-
tions and concentrations. Intentional and systematic use
of two competing reducers in a one-pot synthesis to
kinetically control the NC growth, until now, has re-
mained unexplored. In addition, while atomic traces such
as Br-, Agþ, and Fe2þ have been utilized for shape
control,24-26 the use of NCs as a means of introducing
metallic ions into the synthesis has not been reported
other than in our recently published work.29 Here, be-
yond the previous results, we show that Pt and PtCo alloy
NCs with different morphologies can be obtained by
systematically varying the concentration of two compet-
ing reducing agents, hexadecanediol and metallic Co,
while maintaining an otherwise fixed set of reaction
conditions. Our results demonstrate, in particular, the
importance of the competitive relationship between the
two different reducers, how the NC growth toward a
particular shape can be influenced at a very early stage, as
well as the importance of exploring the kinetic and
concentration limits to achieve a controlled morphology.
Unlike other size-controlled NC syntheses, where sphe-
rical NCs of 1-100 nm are obtained by varying the
precursor/reducer ratio,31 chain lengths of capping
agents32 or changing the reaction temperatures,33 our
results reveal a change in both the shape and the size of
the NCs as we vary the Co and HDD concentrations.
Experiments in the absence of metallic Co or using a
stronger reducing agent such as lithium triethylboro-
hydride confirmed the proposed mechanism.

Experimental Procedures

Chemicals. Platinum(II) acetylacetonate (Pt(acac)2, 98%)

was purchased from Strem Chemicals and used as received.

Oleylamine (OAM, 70%), 1,2-dichlorobenzene anhydrous

(DCB, 99%), 1,2-hexadecanediol (HDD, 90%), superhydride

lithium triethylborohydride (in 1 M THF) and cobalt carbonyl

moistened with 5-10% hexane (Co2(CO)8, 90-95%) were pur-

chased from Sigma-Aldrich and used as received. All chemicals
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were stored and prepared for synthesis in a UNIlab MBraun

glovebox unless otherwise stated.

Instrumentation. Transmission electron microscopy (TEM)

analysis was performed on a JEOL 1010 with an accelerating

voltage of 80 kV. High resolution TEM (HRTEM) analysis was

performed on a JEOL2010F field emission gunmicroscope. The

3D supercell atomic models were designed by using the Rhodius

software package available online at the University of Cadiz.34

In general, the supercell atomic models created are composed of

6000 to 25000 Pt atoms, and correspond to the same diameters

as the experimental crystals found. Energy-dispersive X-ray

(EDX) analysis was performed on a JEOL 2100 with an accel-

erating voltage of 200 kV equipped with an EDX detector. The

NCs were drop-cast onto a carbon coated grid and allowed to

air-dry under ambient conditions.X-ray diffraction (XRD) data

were collected on a PANalytical �XPert diffractometer using a

Cu KR radiation source (λ= 1.541 Å). In a typical experiment,

the 2θ diffraction (Bragg) angles were measured by scanning the

goniometer from 25� to 100� at a speed of 0.021� s-1. The

samples were prepared by precipitating the NCs in the presence

of methanol followed by brief centrifugation to ensure that all

the NCs precipitated. The supernatant was discarded, and the

samples were dried under nitrogen before smearing onto (510)

silicon wafers (3� off axis) for XRD analysis. Estimates of NC

sizewere obtained using the Scherrer equation (d=(K λ)/ β cos θ)
where d is the mean crystallite dimension, K is the shape factor

(0.9), λ is the X-ray wavelength, β is the line broadening at full

width at half-maximum (fwhm, radians), and θ is the Bragg

angle. The peak positions were determined using the �XPert

HighScore program and compared before and after baseline

correction. Calculations using Vegard’s law support the ob-

served shifts in the 2θ Bragg peaks when compared to those for

pure Pt and Co NCs. Induced coupled plasma-mass spectro-

scopy (ICP-MS) was performed using an ICP-MS Agilent instru-

ment (Model: 7500cx) with a detection limit of 0.02386 ppb.

Aliquots of the purified NC samples were dissolved in concen-

trated aqua regia, which was heated to ensure complete dissolu-

tion of all metals, and diluted to an optimal concentration for

ICP-MS analysis. Ga was used as the internal standard, and the

integration time/point and time/mass were 0.1 and 0.3 s, respec-

tively, with a 3� repetition.

Synthesis. Unless otherwise stated, all syntheses were per-

formed under an argon atmosphere using the standard Schlenk-

line setup to avoid interactions between the NCs and O2, H
þ, or

-OHspecies, and the Pt(acac)2 concentrationwas constant in all

syntheses. To remove the excess capping, reducing agent or ions,

the PtCo NCs were purified by precipitation in methanol

followed by brief centrifugation and redispersion in DCB prior

to being subjected to further analysis (XRD, ICP-MS, EDX).

Increasing Cobalt Content. In the synthesis where the con-

centration of HDD remained constant while the Co concentra-

tionwas systematically increased, a solution containing 95mg of

HDD (0.37 mmol), 45 μL of OAM, and 10 mL of DCB was

added to a 3-neck round-bottom flask equipped with a con-

denser and stirred under an argon atmosphere. The solution

temperature was increased to 180 �C using a glycerol oil bath

over a time period of∼30-60min.Once the boiling temperature

of DCB was reached, a 3 mL solution of DCB containing 45 mg

of Pt(acac)2 (0.11mmol)was added dropwise at a rate of 0.5mL/

min. A 100 μL portion of Co trace prepared from Co2(CO)8

(ranging from 0 to 54 μmol) was then added immediately to the

solution. The solution was refluxed at 180 �C for 20 min and

gradually cooled down to room temperature before being

transferred to an argon filled vial.

Increasing Hydride Content. In a set of control syntheses, the

Cowas replacedwith a stronger reducing agent, lithium triethyl-

borohydride. In this case, the HDD amount remained constant

at 0.37 mmol while the hydride concentration was varied from

0.2 to 40 μmol (taken at 100 μL each time). The remaining

synthesis was conducted following the method described above.

IncreasingHDDContent. In the synthesiswhere the concentration

of HDD was varied while maintaining a constant Co concentra-

tion, different amounts of HDD ranging from 0 to 1.5 mmol, and

a constant concentration of Co trace prepared from Co2(CO)8
(100 μL containing 2.2 μmol of Co) were added to the synthesis

following the method described above.

Results and Discussion

Under the reported condition, hexadecanediol (HDD)
is added alongwith oleylamine (OAM) and dichlorobenzene
(DCB) at room temperature before increasing the tempera-
ture of the solution to 180 �Cwhen the Pt precursor is added.
The addition of Pt ions (dropwise at a rate of 0.5mL/min) to
the refluxing solution enables HDD to drive the reducing
process. The color of the solution remains yellowish to
yellow-green for 5-10min, implying amixture of the Pt ions
with some partially reduced Pt nuclei. If the reaction is left
undisturbed during the remaining reaction time (20 min), Pt
polypods are obtained, together with a color evolution to
black. However, if a small amount of Co2(CO)8 (<5%) is
added right after the addition of the Pt precursor, a color
evolution to brown occurs much faster, and cubic or octa-
hedral NCs are obtained. The role of metallic Co is complex
and can be introduced into the synthesis as Co2(CO)8 or Co
NCs. In this case, the Co2(CO)8 is assumed to be temporally
decomposed to form Co NCs before being oxidized by the
reduction of the Pt ions, and it is later reduced back to
metallic Co and incorporated in the Pt, forming PtCo alloy
nanostructures.29 Throughout the study, we use the term
“trace” in some cases to represent the small amount of Co
added to the synthesis, as this has also been employed in the
literature.24-26

Using the experimental procedure described above, the
reduction of Pt ions was examined in the presence of two
competing reducing agents (Co and HDD) with different
reducing strengths. While the reduction of Pt2þ (Pt2þ/Pt,
E�red=þ1.20V35) has been achieved usingHDDunder the
reported reaction conditions,29 the exact reduction potential
value of HDD is not yet determined. However, it is possible
to delimit a reduction potential range by comparing with
other reported studies performed under similar conditions,
in which HDDwas able to reduce Cu2þ (Cu2þ/Cu, E�red=
þ0.34 V36a) but partially Fe2þ (Fe2þ/Fe, E�red= -0.44
V36b). Besides, the redox potential of Co2þ is -0.28 V,35
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and it can provide a faster andmore effective reduction of the
Pt ions under the reaction conditions. As shown in Scheme 1
and later confirmed by experimental data, when HDD is
present as the sole reducer, there is no competition in the
reducing rate, and polypod-type morphology is observed.
However, in thepresenceofbothHDDandCo,acompetition
between the two reducers leads to large, shaped NCs. De-
pending on the proportion of HDD and Co added in a
synthesis, there may be a balanced competition between the
two reducers, or one reducer may dominate the other.
Eventually, the continued increase in Co concentration leads
to an even faster reducing rate and the appearance of flake-
likeNCs,whichare similar to thepolypod structures obtained
using solelyHDD.Experiments substituting superhydride for
Co2(CO)8 show the same behavior, but without the effect of
shape-control induced by the Co.

In the following sessions, we carried out systematic experi-
mentswhere the concentrationofonlyone reducer (whether it

beHDDorCo) was varied to examine the resulting effects on

both the size and the shape of the NCs. The HDD amounts

used ranged from 0 to 1.5 mmol, but because of the strong

reduction potential of Co, lower Co amounts of 0-54 μmol

were sufficient. Hereon, the reducer concentrations are pre-

sented with respect to the Pt precursor concentration, for

example, [HDD or Co]/[Pt].
Increasing Co Content. Figure 1 represents TEM

images and the corresponding size distribution analyses

when different amounts of metallic Co were added to the

syntheses while maintaining constant HDD and Pt pre-

cursor concentrations. The increase in Co concentration

is represented by the value of x, which is determined from

the ratio of [Co]/[Pt]. As illustrated in Figure 1A, polypod

(or multipod) structures were observed when HDD was

presented as the sole reducer in the synthesis ([Co] = 0).

The polypods exhibited a multiarmed morphology, where

each arm comprised small cementedPtNCs.29 Thismorphol-

ogy diminished when Co was added to the synthesis, as

illustrated by the morphological change from polypod to

cuboctahedron PtCoNCs in Figure 1B. The size distribution

analysis shows a sharp increase in the NC size from 2.7 nm

(Figure 1A) to 9.8 nm (Figure 1B). This dramatic change

illustrates the effect of having two differential reducers in a

one-pot synthesis, even with a small amount of Co.
The increase inCo content from x=0.005 to 0.038 further

altered the NC shape as Co began to play a more prominent

roleasa reducerandshape-directingagent.This is represented

by the shape evolution of PtCo NCs into spherical and cubic

morphologies shown in Figures 1B to 1E, with NC sizes

ranging from 7.3 nm (Figure 1C) to 4.7 nm (Figure 1E). The

Figure 1. TEM images and the corresponding statistical size analysis of the PtCo NCs synthesized with increasing Co concentrations while maintaining
constant HDD and Pt precursor concentrations. The [Co]/[Pt] ratio is represented by x.

Scheme 1. Schematic Diagram Illustrating the Growth
Mechanism of Pt (and PtCo) NCs in the Presence of a Sole

Reducer (R1 or R2) or aMixture of Reducers (R1þR2), Where R1

Represents HDD and R2 Represents Co
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increasingCo content from x=0.095 to 0.466 gave rise to an

even faster Pt ion reduction, and resulted in the disappearance

of the monodispersed shapes and the appearance of irregular

shaped and flake-likeNCs (Figure 1, panelsG andH), which

appear similar to those in Figure 1A obtained using only

HDDas the reducer. The polycrystalline polypods and flake-

like NCs have average crystal sizes ranging from 3.9

(Figure 1F) to 2.3 nm (Figure 1H).Tounderstand the growth

mechanism, it is useful to monitor the size distribution of the

NCs since it provides a fingerprint of their growing process.

The fullwidthathalf-maximum(fwhm) of the fittedGaussian

functions in the statistical size distributionanalysis data shows

an initial increase in the size dispersion, followed by a

momentary decrease that corresponds to the monodispersed

cubic PtCo NCs in Figure 1D (see Supporting Information,

Figure S1). Monodispersity is related to the homogeneous

growth as described in the growth-by-diffusion work of Reiss

et al.,37 and later referred to as size-focusing by Alivisatos

et al.38 A region of the highly ordered cubes was analyzed by

fast-Fourier transform (FFT), where the size of the cubes and

interparticle distance between neighboring NCs were esti-

mated to be 6.1 and 2.8 nm, respectively (Supporting Infor-

mation, Figure S2).
The PtCo alloys were further analyzed using XRD,

showing the evolution of their crystalline structure as the
Co content increased. The 2θ Bragg peaks in Figure 2
correspond to the known (111), (200), (220), (311), and
(222) reflections of the Pt face-centered cubic structure
(JCPDS no. 04-0802). As illustrated by the dotted line,
there is a slight shift in the measured 2θ Bragg peaks as x
varies from 0 (a) to 0.466 (h), which can be attributed to a
compression of the Pt crystal lattice because of the
incorporation of increasing amounts of Co into the NC
structure forming a solid solution. Using Vegard’s law,
the Co content (with respect to Pt) was calculated by
comparing the lattice parameters (a) obtained from the

measured 2θBragg peaks with those of pure Pt NCs (a=
3.917 Å) and Co NCs (a= 3.533 Å).39 These experimen-
tally determined values were also compared to the theo-
retical % Co added to a synthesis, along with elemental
composition analysis from ICP-MS (Table 1). As x
increases from 0 to 0.466, the theoretical Co content
added to the synthesis increases from 0 to 31.8%, which
is in good agreement with the trend obtained from XRD
and ICP-MS. However, a higher fraction of Co in the
NCs was consistently observed in both XRD and ICP-
MS, indicating a difference in the Pt to Co proportion in
the NCs and in solution, since not all of the Pt2þ was
reduced to Pt0 (the unreacted Pt2þ remained in the super-
natant in ionic form) while a majority of the Co was
incorporated in the Pt NCs. This also implies that under
these reaction conditions, the conversion rate of Pt ions to
Pt0 is lower than that for Co (typically ∼40% Pt yield
from ICP-MS). The slightly lower % Co obtained from
XRD when x = 0.466 (25.7%) may be due to the low
signal-to-noise ratio and peak broadening effects, owing
to the small size of theNCdomains. The increase in%Co
was also confirmed by EDX analysis (Supporting Infor-
mation, Figure S3). The ensemble of data suggests that
during synthesis, the metallic Co reduces the Pt2þ ions
and in the process becomes oxidized. The incorporation
of Co into the Pt NCs as a metal further suggests that the
oxidized Co is later reduced back to Co0, probably with
the assistance of the Pt NCs as a catalyst.
The sizes of the PtCo NCs were determined from XRD

using the Scherrer equation, and the values agree well
with those obtained fromTEM (Table 1). In addition, the
peak broadness (fwhm) from the XRD pattern follows
the same trend observed in the size distribution obtained
by TEM. The NC sizes calculated from the Scherrer
equation are smaller than those determined from TEM
images. This occurs because XRD provides the average
size of the diffracting crystals rather than the particle size,
and the intensities of the diffracted XRD peaks scale
proportionally with the NC sizes. However, when the NC
sizes are smaller than ∼2.7 nm (TEM), a slightly larger
size is calculated from XRD, which may be attributed to
the lack of monodispersity in size, in addition to the low

Table 1. Tabulated Comparison of the Atomic % of Co (with Respect to

Pt) Obtained from the Theoretical Synthesis, Calculated from Vegard’s

Law (XRD) and ICP-MS (left); and a Comparison of the PtCo NC Size

Determined from TEM Images and Calculated Using the Scherrer

Equation (XRD) as the Co Content Varies (right)

% Cobalt (with respect to Pt) NC size (nm)

x (x = [Co]/[Pt]) theoretical XRD ICP-MS TEM XRD

0 0% 0% 0% 2.7 ( 0.4 3.9
0.005 0.5% 1.1% 3.2% 9.8 ( 0.9 8.1
0.009 0.9% 3.4% 5.9% 7.3 ( 1.1 6.5
0.018 1.7% 6.4% 4.7% 5.9 ( 0.7 5.4
0.038 3.7% 8.4% 9.4% 4.7 ( 0.8 4.1
0.095 8.7% 13.9% 17.3% 3.9 ( 0.6 3.3
0.189 15.9% 18.9% 18.5% 2.9 ( 0.5 2.5
0.466 31.8% 25.7% 37.4% 2.3 ( 0.4 2.9

Figure 2. XRD patterns for the PtCoNCs synthesized in the presence of
increasing Co content (x = [Co]/[Pt]) with constant HDD and Pt
precursor concentrations.

(37) Reiss, H. J. Chem. Phys. 1951, 19, 482.
(38) Peng, X.; Wickham, J.; Alivisatos, A. P. J. Am. Chem. Soc. 1998,

120, 5343.

(39) (a) Nam, K. M.; Shim, J. H.; Ki, H.; Choi, S.; Lee, G.; Jang, J. K.;
Jo, Y.; Jung, M.-H.; Song, H.; Park, J. T.Angew. Chem. 2008, 120,
9646. (b) Cobalt JCPDS no. 15-0806.
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signal-to-noise ratio and peak broadening of the XRD
pattern, biasing toward larger size estimation.
The obtained morphologies with increasing [Co]/[Pt]

ratio can be divided into three regimes (Figure 3). First, in
the absence of Co, polypods were consistently observed.
In this regime, the slow reduction rate of HDD leads to a
large amount of monomer that simultaneously crystal-
lizes into a large number of reduced Pt nuclei, which are in
close proximity to each other, resulting in the subsequent
cementation of the growing nuclei into polypod structures
(Scheme 1).29 Second, the addition of Co into the synth-
esis changed the morphology from polypods to spherical/
cubic PtCo NCs because of the reduction competition
between HDD and Co. In this case, the presence of Co
leads to a fast reduction of a portion of the Pt monomers
and the formation of a smaller number of nuclei, which
are too widely distributed to coalesce, thus enabling
growth toward larger sizes. Note that the Pt conversion
rate is similar to that in the polypod case. One could argue
that the presence of the stronger reducer increases the
amount of reduced Pt, leading to large particles, but this is
not the case as illustrated by ICP-MS. With the progres-
sive increase inCo content, a fast homogeneous reduction
of more Pt monomers occurs, in a sense faster but
equivalent to theHDDreduction, causing the appearance
of irregular and flake-like NCs which are comparable to
the polypodNCsmorphology (Scheme 1). It is imperative

to point out that having a high concentration of Co does
not lead to shape control, which illustrates their concen-
tration limit and the importance of having an appropriate
combination/amount of reducers in a synthesis. In other
words, theNC size and shape is determined by the relative
concentrations, ratios, and reducing strengths (which also
depend on temperature) of the reducers. Thus, the same
trends should still be observed under different conditions,
but offset to smaller or larger NC sizes.
Increasing Hydride Content. As a control experiment,

we examined the role of the second reducer by replacing
Co with a stronger reducer, lithium triethylborohydride (H2/
2H-, E�red=-2.25 V35). Figure 4 shows a representative set
of TEM images, a plot of NC size versus [Hydride]/[Pt] ratio,
and their corresponding statistical size distribution analysis.
The increase in hydride concentration is represented by the
value of y = [Hydride]/[Pt]. Also, unlike the PtCo alloys
produced when using Co as the second reducer, the NCs
produced in this case are purely Pt NCs.
The results showmorphological trendswhich are similar to

those previously observed when using Co, confirming the
competitive reducing role between HDD and the hydride.
When y=0.0017 (Figure 4A), the HDD reducer still dom-
inates, resulting in the polypod structures similar to those seen
inFigure1A,withanaverageNCsizeof3.1(0.5nm.Wheny
was 10 times higher (y = 0.017), cuboctahedral Pt NCs of
9.8 ( 1.3 nm were observed (Figure 4B). Since in this case

Figure 3. Plot of [Co]/[Pt] versus NC diameter (nm) obtained from TEM (solid blue squares) and XRD (X). Note that there is a dotted line drawn and a
scale break in the x-axis to better represent the decreasing trend in the PtCo NC sizes.

Figure 4. Pt NCs synthesized with increasing hydride concentrations while maintaining constant HDD and Pt precursor concentrations. The
[Hydride]/[Pt] ratio is represented by y. Top panel: TEM images; Bottom Panel: A plot of [Hydride]/[Pt] versus Pt NCs size (nm) (left) and statistical
size analyses (right).
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there was no shape-directing agent to promote cube forma-
tion, Pt cuboctahedrons which minimized surface and crystal
energy were observed.29 When y was further increased to
0.171 (Figure4C), fewercuboctahedron-shapedPtNCsalong
with polydispersed spherical NCs were observed (8.5 (
1.3 nm). This morphology is different from the flake-like
PtCoNCs seen in Figure 1G, which were synthesized using a
similar [reducer]/[Pt] ratio (x=0.189). Thedifferences canbe

attributed to the different reducing strengths of Co and
hydride. When hydride was used as the sole reducer
(Figure 4D), there was no reducing competition, and as a
result, densely packed cemented PtNCswere obtained (1.9(
0.3 nm). The [Hydride]/[Pt] ratio versus diameter plot sum-
marizes a change in the Pt NC size as the hydride concentra-
tion increases, showing a trend similar to Figure 3. The subtle
differences in the polypodmorphology in Figures 4A and 4D

signify that the different reducing strengths of HDD and
hydride produce dissimilar polypod structures.
IncreasingHDDContent.To examine the role ofHDD,

we vary the amount added to the synthesis while main-
taining constant Co and Pt precursor concentrations.
Figure 5 shows a representative set of TEM images and
the corresponding statistical size analyses as z (z =
[HDD]/[Pt]) varies from 0 to 13.24. A flake-like morpho-
logy was observed at z=0 (Figure 5A), again illustrating
the characteristic shape produced when only one reducer,
in this case, Co, is present in the synthesis. In a control
experiment, solely oleylamine (without HDD or Co)
under these same synthesis conditions did not have any
detectable reducing power, indicating that it was used
mainly as a surfactant to avoid NC aggregation during
growth. By introducing different amounts of HDD, the
emergence of PtCoNCs in the form of aggregated spheres
(Figures 5B-C) to amixture of shapedNCs (Figures 5D-E),

and eventually monodispersed cubic NCs were observed
(Figures 5F-H). The appearance of two NC size species
at z = 4.58 is interesting, as this is different from our
typical syntheses, where only one NC size is normally

observed. The continued increase in HDD concentration
led to the appearance of oval and triangular shaped NCs

(Figures 5I and J) instead of the previously seen flake-like

NCs, showing the high degeneracy of the system.29 Thus,
our results show that it is not just the differential reducing

rate, but also the absolute rate which tunes and affects the
NC morphology. The fwhm obtained from the fitted

Gaussian functions from the statistical size analysis indicate
an initial increase in size dispersion with a subsequent

decrease because of the formation of monodispersed cubic
NCs, followed by another increase when the HDD concen-

tration was high (Supporting Information, Figure S4).
These NCs were also analyzed using XRD, confirming

the crystalline structure of the PtCo NCs as the
[HDD]/[Pt] ratio increased (Figure 6). Since the Co con-
centration was constant in all syntheses, the % of Co
(with respect to Pt) calculated using Vegard’s law oscil-
lates between 2 and 5%, values which are close to the
theoretical % Co added to the synthesis and of that
determined from ICP-MS (Supporting Information,
Table S1). In addition, there is no particular trend
apparent between the % Co and z value, showing that
in a high HDD concentration environment, the Co plays
a less significant role, where even if all of themetallic Co is
oxidized during the reduction of the Pt ions, it probably
does not happen at the desired moment.29 Besides, the
high concentration of HDD in the solution may passivate
the Co surface, thus preventing the Co NCs from oxidiz-
ing, making them less active, showing the high degree of
versatility of these syntheses. Similarly, NC sizes were

Figure 5. TEM images and the corresponding statistical size analysis of the PtCoNCs synthesizedwith increasingHDDconcentrationswhilemaintaining
constant Co and Pt precursor concentrations. The [HDD]/[Pt] ratio is represented by z.
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determined from the Scherrer equation and compared
with the sizes obtained from TEM images. As shown in
Table 2 and Figure 7, the sizes calculated are remarkably
close, again illustrating good agreement between the two
techniques. The Scherrer equation gave aNC size of 6.5 nm
for the bimodal cubes observed at z=4.58, confirming that
XRD provides an average size of all NC. HRTEM of the
two size domains shows the presence of perfect cubes along
with orthorhombic NCs, both with {002} lateral facets
(Supporting Information, Figure S5).
An assessment of the different PtCo NC morphologies

synthesized using various HDD concentrations is sum-
marized in Figure 7, where two regimes are observed.
When there was no HDD present and Co was the sole
reducer, flake-like NCs, which are slightly different from
the polypods, were observed. When there was a mixture
of HDD and Co, the effects of competitive reducing were
observed as prismatic, aggregated spheres, and cubicNCs
appeared. The emergence of cubic NCs at a certain
[HDD]/[Pt] ratio (z = 2-5) illustrates the importance
of having an appropriate combination of Co trace and
HDD in the synthesis. When z > 5, the cubic NCs were
replaced by oval and triangular shaped NCs because of
the dominating influence of the HDD. It is likely that the

role of HDD might be limited to not only a reducer but
also a surfactant that binds to both the Pt NC and the Co
NC surfaces.
To confirm that the oval and triangular shapes observed

were due to the dominating role of HDD, two syntheses
containing only HDD as the reducer (without Co) were
prepared. When the HDD concentration was low (Figure
8A), polypods were observed because of the slow reduction
of Pt ions. When the HDD concentration was increased
(Figure 8B), the overwhelming concentration of HDD
resulted in a mixture of oval, triangular, and rod shaped
Pt NCs, confirming the dominating reducing role of HDD.
In addition, themixture of shapedNCs observed at z=

1.86 was further examined using HRTEM to observe the
crystalline structure of the various NCs. In general, the
NCs show a degree of coalescence with the neighboring
NCs, along with others displaying dislocations or grain
boundaries (Figure 9A).
Figure 9B illustrates the first example of the selected

NCs which corresponds to a 7.4 nm cuboctahedron. The
cuboctahedron is faceted regularly by its {111} and {002}
planes. The inner square of dark contrast that we find
rotated by 45� in the middle of the experimental cube
(marked with dashed lines) demonstrates the cuboctahe-
dral morphology, which is typical in face-centered cubic
(fcc) noble metals such as Au, Pt, and Pd. The cubocta-
hedron in the experimental HRTEM image is visualized
along the [001] zone axis. Notice that the 3D supercell
model created (with 24739 Pt atoms) has been rotated
about different zone axes to allow a better understanding
of its morphology, and the rotation that corresponds to
the experimental cube is represented by the square drawn
in red. The HRTEM examples in Figure 9C and 9D show
irregular shaped cuboctahedrons with faceting also oc-
curring on the {111} and {002} planes, however not
regularly. Both experimental NCs are visualized along
the [110] zone axis, and the corresponding simulations are
highlighted in red, containing 6317 and 9201 Pt atoms,
respectively. The last example corresponds to a 6.6 nm
PtCo sphere, with 10005 Pt atoms in the simulated model
(Figure 9E). The NC found experimentally is observed
along the [111] zone axis with the model highlighted in
red. High ordered facets, especially NCs containing the
{111} facet are appealing for applications in fuel cell
catalysis.30

Figure 6. XRD patterns for the PtCoNCs synthesized in the presence of
increasing HDD content (z = [HDD]/[Pt]) with constant HDD and Pt
precursor concentrations.

Table 2. Comparison of the PtCo NC Sizes Obtained from TEM Images

and Calculated Using the Scherrer Equation (XRD) as the HDD

Content Varies

NC size (nm)

z (z = [HDD]/[Pt]) TEM XRD

0 2.4 ( 0.3 2.9
0.93 5.7 ( 1.3 5.1
1.37 6.5 ( 1.9 5.8
1.86 8.4 ( 1.7 6.5
2.28 5.5 ( 0.9 4.7
2.71 6.9 ( 0.9 6.5
3.09 7.1 ( 0.8 6.5
4.58 5.9 ( 0.6 6.5

8.0 ( 0.9
7.24 9.4 ( 0.8 6.5
13.24 5.4 ( 1.2 4.7

Figure 7. Plot of [HDD]/[Pt] versus PtCo NC diameter (nm) obtained
from TEM (solid red circle) and XRD (�). A dotted line is drawn to
illustrate the change in NC size.
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Conclusions

The synthesis of Pt (and PtCo alloy) NCs in the

presence of one or two reducing agents was examined in

this work. Upon the addition of Pt precursor, an initial

burst of nucleation of small, amorphous Pt nuclei results

in a dramatic decrease in the concentration and avail-

ability of the Pt precursor, and thus opens a gateway for

the NC growth phase. The existence of both freshly

formed nuclei and precursor at the beginning of the

synthesis reaction represents a highly susceptible and

vulnerable stage, where the size and shape of the NCs

can be easily manipulated.40 In which case, a simple

manner by which one can alter the relative concentrations

of available precursor and the growing nuclei to have an

impact on the growth kinetics is by mixing reducers at

relative concentrations such that they compete to reduce

Figure 8. TEM images of Pt NCs synthesized in the presence of HDD at low (A) and high (B) concentration.

Figure 9. Panel of HRTEM images for the NCs synthesized at z=1.86: mixture (A) and selected NCs (B-E) with their corresponding FFT patterns and
simulated 3D supercell atomic models. The red square drawn on the simulated model represents the visualized zone axis of the HRTEM experimental
image.

(40) Zheng, H.; Smith, R. K.; Jun, Y.; Kisielowski, C.; Dahmen, U.;
Alivisatos, A. P. Science 2009, 324, 1309.
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the Pt ions. Our results showed that when only one

reducer was present in the synthesis, polypod-type mor-

phology was observed. The dissimilar features of the

polypods (flakes or cemented NCs) can be attributed to

which dominating reducer was added to the synthesis.

When the synthesis contained two competing reducers,

shapedNCs were obtained. This study illustrates another

synthetic approach where different morphologies (size

and shape) can be produced by taking advantage of the

susceptibility of the system to minor changes during the

early reaction stages. Part of our ongoing work includes

characterization of the Co distribution on the Pt surface,

by probing the chemical states and depth profile of the

alloy NCs to elucidate the role of metallic Co in the shape

control.
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