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method performed in presence of structure-directing organic

ABSTRACT: Colloid-based chemical synthesis methods capping ligands and high boiling point solvents.>**~¢ Polyol
of bimetallic alloy nanoparticles (NPs) provide good synthesis offers poor independent control over size and
monodispersity, yet generally show a strong variation of composition.” Composition control at constant size typically
the resulting mean particle size with alloy composition. requires laborious trial-and-error optimization of the initial
This severely compromises accurate correlation between amounts of surfactant and precursor. The availablility of a one-
composition of alloy particles and their size-dependent pot, one-step method to control alloy NP composition and size
properties. To address this issue, a general CO adsorption- independently is therefore desireable.

assisted capping ligand-free solvothermal synthesis method Here, a facile CO-assisted high-pressure synthesis of alloy NPs
is reported which provides homogeneous bimetallic NPs is reported and exemplified using the Pt—Ni bimetallic system.
with almost perfectly constant particle size over an The synthesis is performed in dimethylforamide (DMF) at
unusually wide compositional range. Using Pt—Ni alloy elevated pressures of CO, but without the use of any long-chain
NPs as an example, we show that variation of the reaction expensive organic capping ligands. We show that the reaction
(i de el between. 160 and 240_OC allows for prg(.:ise temperature alone can be used to precisely control the alloy
control of the resulting ‘alloy Partlcle bulkA composition particle composition from 15 to 70 at. % Ni without changing the
between 1_5 and_ 70 atomic % Ni, cou'pled Wlth_ & constant' initial precursor amount. Regardless of the Ni content, the
mean particle s1ze of ~4 nm, The. size-confining .and L resulting mean particle size is maintained at almost exactly 4 nm
content-controlling role of CO during the nucleation and by virtue of the presence of CO. Based on our findings, we
e processes are Taesizpie] e dlsf:ussecll. e address and refine previously held views on the role of CO in
suggest e §1ze—dep endlont CQ suiree chamikogison ol such solvothermal synthetic environments. We provide evidence
reversible Ni-carbonyl formation are key factors for the that CO molecules play a uniquely versatile role as a size-

achievement of a constant particle size and temperature- . ; o
: confining molecular adsorbate owing to its size-dependent
controlled Ni content. To demonstrate the usefulness of . . . .
. ) o . chemisorption energy and coverage and as an effective Ni
the independent control of size and composition, size- ; . a .
. o monomer concentration-controlling agent, while its previously
deconvoluted relations between composition and electro- .
. . : . . suspected role of a reducing agent appears less relevant. The CO-
catalytic properties are established. Refining earlier reports, ! , , ) )
assisted synthesis was applied to various Pt-M (M = Ni, Co)

we uncover intrinsic monotonic relations between catalytic . _ .

. el N 4 bimetallic systems. To demonstrate the usefulness of the size-
activity and initial Ni content, as expected from theoretical . .
considerations confinement of nanocrystals over wide composition ranges, we

utilize a set of 4 nm Pt—Ni particles and extract intrinsic activity-
composition relations, which, unlike previous reports, suggest a
simple linear relation between alloy composition and catalytic

S urface catalytic properties of nanometer-scale metal alloy activi

. L . . ty.
rlnaterlals are sensitively dependent on size and composi- Size confinement. Pt—Ni alloy NPs were prepared by
tion.” This is why an accurate intrinsic correlation of alloy particle mixing Pt(acac), and Ni(acac), in identical initial molar ratios
size or composition with catalytic activity requires the availability and subsequent reaction in a pressurized autoclave in the
of robust and preferably facile preparation techniques that presence of 2 bar CO (over )pressure gas at four different reaction
provide independent control over particle size and composition.> temperatures. Figure 1 shows the TEM images of four Pt—Ni
Virtually all physical or wet-chemical alloy NP synthesis alloy NPs with atomic compositions ranging from 15 to 70 at. %
techniques reported to date fail to independently and precisely Ni (Figures 1A—D). Surprisingly, all four resulting Pt—Ni
control size and composition and therefore often require bimetallic nanocrystals showed identical diameters of about 4 nm
empirical trial-and-error procedures to arrive at desired size or
composition values.” Today, the most popular colloidal Synthesis Received: December 13, 2013
for alloy nanoparticles is the “hot injection solvothermal polyol” Published: March 4, 2014
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Figure 1. TEM images of Pt—Ni/C NPs. Insets show particle size
distribution. (A) PtgsNijs. (B) Pt;oNisq. (C) PtsoNisg. (D) PtyoNis. (E)
EELS elemental map of Pt Nig,. Pt(red), Ni(green).

with a narrow size distribution (insets in Figure 1A—D). Most
nanocrystals demonstrated an octahedral shape with a yield of
~60% (Figures 1A—D). The shape of the resulting particles was
largely dependent on the metal precursor ligand employed, yet
independent of CO pressure. To demonstrate the strong size-
confining effect of the CO atmosphere on the NPs, Figure S1
displays and compares the temperature-dependent mean size of
the resulting Pt—Ni alloy NPs in the absence of CO but
otherwise identical conditions.® At ambient pressure (0 bar) and
in the absence of CO, the resulting NP size ranged between 10
and 40 nm for reaction temperatures from 120 to 240 °C,
evidencing a dramatic size-confining effect of the CO molecules.
Additional reference measurements at CO partial pressures
between 0.5 and 2 bar resulted in nanocrystals with larger mean
sizes coupled to a lower degree of size confinement.
Composition control. While the particle size remained
constant at all reaction temperatures at 2 bar CO, the bulk Ni
content of the resulting 4 nm NPs followed the temperature in a
nearly linear fashion. This made the reaction temperature a
practical and powerful controlling parameter for the final
composition of the bimetallic NPs. As shown in Figure 2A,
when increasing the reaction temperature from 160 to 240 °C,
the Pt—Ni alloy composition changed monotonically from
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Figure 2. (A) Correlation between reaction temperature and Ni at. % in
4 nm Pt—Ni alloy NPs obtained at 2 bar CO. (B) XRD patterns of Pt—
Ni NPs with different Ni/Pt compositional ratios.
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PtgNi;s to PtyoNiy, all at identical 4 nm diameter. This
correlation between the reaction temperature and the Ni atomic
fraction of the alloy particles in presence of CO provided a much
more precise and convenient control of the Ni/Pt molar ratio of
the NPs than was previously thought possible. The origin of this
robust temperature-Ni at. % correlation is likely associated with
the individual temperature-dependent chemical reduction rates
of Pt and Ni.” While Pt appears to be reduced quantitatively at all
reaction temperatures during the reaction time, elevated
temperatures accelerate the reduction rate of Ni and increase
the reduced amount of Ni relative to Pt. Control experiments at
lower CO partial pressures (0—1 bar) showed drastically higher
Ni atomic content of the Pt—Ni nanocrystals for any given
temperature. For instance at 160 °C, 2 bar CO resulted in 4 nm
nanocrystals with a Ni molar ratio x = 15 at. %, while at 0.5 bar
CO this value rose to x = 20 at.%, while in the absence of CO, the
Ni content was above 50 at. %. Since the Ni reduction rate is
largely controlled by temperature and the concentration of free
Ni monomers, our observations suggest an important, previously
overlooked role of the CO gas molecules in terms of controlling
the effective free Ni monomer concentration.

Evidently, solvated CO molecules display an interesting and
versatile particle size-confining and composition-controlling
effect under reaction conditions. From our control experiments
we hypothesize a two-fold role of CO in this size-confining
process. First, strong CO adsorption on Pt—Ni seeds and
emerging nanocrystals (see “1” and “2” in Figure S2) leads to a
gradual CO surface coverage build—ug) in accordance to earlier
CO adsorption studies on PtNi NPs.'” As a result of this, particle
growth and particle ripening appear to be slowed down near a
critical particle size of around 4 nm. This is the point where the
CO adlayer has reached a critical coverage'" that no longer allows
further deposition of metal monomers nor the agglomeration of
the nanocrystals. This is corroborated by the experimental
observation that without any CO the Pt and Ni precursors form a
dark metallic film on the glass lined autoclave as early as 160 °C,
while in presence of 2 bar CO this undesired film deposition
requires temperatures of over 250 °C, enabling the size-confined
particle formation and stabilization over a much wider
compositional range. Second, given the stoichiometric excess
of CO as compared to Ni, we hypothesize that during the
nucleation and growth of the NPs, CO molecules scavenge free
metallic Ni monomers reversibly, forming nickel carbonyl
species (Ni + 4 CO — Ni(CO),) (“4” in Fgure S2). This
process is well-known to occur at about 50 °C'* and limits the
effective concentration of free Ni monomers in the reaction
mixture at low temperatures. At reaction temperatures above 180
°C, however, the Ni carbonyl complex becomes increasingly
labile'” and enables an increasingly higher effective free Ni
concentration in the solvent, resulting in Ni-richer alloy NPs by
combining with the increased reduction rate of Ni.

Earlier reports on the use of CO in the form of metal carbonyls
suspected solvated CO to act as a key reducing'°'* and shape-
controlling agent.'**'* In a previous report, CO was also found
to affect the thickness of metal sheets.'> Our data suggest that the
elevated CO pressures explored under the present conditions do
not affect the particle shape and do not noticeably accelerate the
metal ion reduction process. The former can be plausibly
rationalized by a loss of adsorption selectivity on crystal facets of
specific surface orientation, because the CO interaction and
coverage on different crystal facets may become nearly identical
at the elevated CO pressures employed here. Furthermore, if CO
were to accelerate the Ni reduction process, one would expect an
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increase in the Ni content with increasing CO pressure, in clear
contrast with our experimental findings. Also, a simple control
experiment performed at 160 °C in DMF employing Ni(acac), in
absence of the Pt precursor and CO gas confirmed an earlier
report that Ni(acac), can actually be reduced under these
conditions.'® Thus, we conclude that an additional reducing
effect of solvated CO under the present conditions of
temperatures of 160 to 240 °C is rather negligible and confirms
earlier repor‘cs.14C We do note, however, that in DMF at
temperatures below 160 °C the presence of Pt seeds was critical
for the reduction of Ni ions, in line with findings in other
solvents.'”

We characterized the structure (Figure 2B), morphology
(Figure S2C) and composition (Figure 1E) of the Pt—Ni NPs.
Bragg reflections in Figure 2B revealed face-centered cubic
crystal symmetries. Peak shifts toward higher 2-6 values with
increasing Ni content (arrow) reflect near-linear lattice
contractions (see Figure S3A).' Slight deviations from the
ideal Vegard’s law are likely due to minor XRD-invisible
amorphous Ni oxide phases, as corroborated by XPS (see Figure
S3B). The compositional distribution of Pt and Ni in the Pt(Nis,
catalyst was mapped by Cs-corrected scanning transmission
electron microscopy complemented with electron energy loss
spectroscopy (STEM-EELS) in Figure 1E.

To demonstrate the usefulness of our synthesis to obtain
accurate size-deconvoluted correlations of catalytic activity and
alloy composition, the oxygen reduction reaction (ORR) was
chosen. When subject to a cyclic voltammetric pretreatment in
acid electrolytes, Pt—Ni NPs in the 2—10 nm size range are
known to undergo selective surface dissolution of Ni, thereby
forming a Pt-enriched surface region surrounding a core region
with a Ni content close to the initial value.'”"® Following earlier
work on the effect of surface lattice strain on catalytic activity in
Pt core shell particles,"“*° the Ni content in the particle core
controls the surface lattice strain and also the catalytic activity.
Higher Ni content in the core causes a smaller core lattice
parameter and favors surface compressive strain and higher ORR
activities.”!

The four Pt—Ni alloy nanocatalysts were voltammetrically
activated during 25 potential cycles in a 0.1 M HCIO, electrolyte.
This cycling leached out Ni atoms from the surface and resulted
in the removal of about 60—66% of the initial Ni, as shown in
Figure $4.'”* The more Ni in the pristine catalyst, the more Ni
was retained in the core region after voltammetric treatment (see
Figure SS). Given the identical voltammetric activation protocol
and initial particle size, while varying Ni content, this observation
is quite plausible.” All four cyclic voltammograms (CVs) of the
activated catalysts in Figure 3A exhibited the characteristic
features of a Pt surface, while their ORR activities in Figure 3B
display significant differences.

In contrast to earlier studies of ORR activity-composition
trends of the Pt—Ni bimetallic NP system,”*** the trends in the
Pt electrochemical surface area (ECSA)-normalized (Figure 3B)
and in the Pt-mass normalized (Figure 3C) observed here
suggest a strictly monotonic, nearly linear dependence of the
activity on the initial Ni content of the alloy catalyst. This
correlation would be expected from a surface lattice-strained
core—shell catalyst particle,lc’lga as illustrated in the inset of
Figure 4A. In fact, the Ni content in the NP core appears to
follow their initial Ni value at a comparable Pt shell thickness.
Earlier studies suggested ORR activity maxima for alloy particles
atabout 50—75 Ni at. %. However, these data were compromised
by increasing NP sizes with increasing Ni content. Here, the most
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Figure 3. (A) CVs of the Pt—Ni NPs and their polarization curves for
the ORR. (B) Specific Pt surface-area activities and (C) Pt-mass
activities measured in 0.1 M HCIO, with 1,600 rpm, S mVs~'at 0.9V
with corresponding improvements factors versus the state-of-the-art
commercial Pt catalyst.
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Figure 4. (A) Specific (red) and Pt mass (black) ORR activities as
function of the Ni content for Pt—Ni NPs after a stability test involving
10,000 potential cycles. A commercial Pt/C catalyst was used as
reference. Inset shows the model of an activated core—shell Pt—Ni NP.
(B) Estimated unit cell parameters of Pt—Ni catalysts after electro-
chemical activation and stability testing. Dashed line: Pt bulk cell
parameter.

active 4 nm Pt3Niy catalyst demonstrated a nearly 12 times
higher surface-area normalized activity relative to a commercial
pure Pt reference, which just falls short of the highest ever
measured ORR activity of a 9 nm-sized octahedral Pt—Ni
catalyst.”

The size-corrected activity-composition relation in Figure 3
implies that the initial Ni composition is actually a good
descriptor for activity owing to the associated lattice strain.'®
Given a monotonic relation between Ni dissolution and initial Ni
content, a similar activity-composition relation should apply for
the residual Ni content of the activated and long term tested
catalysts, 25 and 10 000 cycles, respectively. Indeed, an
experimental monotonic near-linear relationship between initial
and residual Ni content was preserved (Figure S4 and SS). We
also correlated the residual Ni contents with the catalytic activity
(Figure 4A) and again revealed an essentially nearly linear
monotonic relation for the core—shell particles.

The physical origin of the composition-activity relation is
provided in Figure 4B, relating the unit cell parameter of the
catalysts with the initial Ni content of the catalysts.”> The
difference in cell parameters of each catalyst and the dashed line
represents a measure for the compressive Pt surface lattice strain,
a structural descriptor for ORR activity.'“** Figure 4 highlights
the monotonic relation between the initial Ni content, Pt lattice
strain, and ORR activity as expected from theoretical
considerations.'“**

dx.doi.org/10.1021/ja4124658 | J. Am. Chem. Soc. 2014, 136, 4813—4816



Journal of the American Chemical Society

Communication

We also monitored the temporal evolution of the ORR
activities (Figure S6), the cyclic voltammetry and associated
ECSA (Figures S7 and S8), and the Ni content (Figures 4 and
S4) of all catalysts during 10 000 potential cycles. As expected for
Pt alloy core—shell catalysts, the Ni content and activity of all
catalyst gradually decreased over extended catalytic test times.
Nevertheless, unlike pure Pt NPs, the ECSA of the Pt—Ni alloy
catalysts increased over the first 2,000 cycles and remained stable
thereafter (Figure S7). These ECSA trajectories point to initial
surface roughening due to Ni leaching followed by surface
faceting during the electrochemical treatment rather than particle
growth due to coalescence or ripening. This is consistent with the
TEM micrographs of the tested alloy NPs in Figure S9, which
document the morphological stability of the NPs.

To test the broader applicability of the CO-assisted size
confinement of bimetallic alloy NPs, we demonstrated the
teasibility of this method for the preparation of size-controlled
Pt—Co NPs in Figure S10.

In summary, we present a novel CO-assisted, capping ligand-
free synthesis for bimetallic alloy NPs at elevated pressures. What
sets this method apart from conventional solvothermal
techniques is its previously unachieved temperature-based
composition control combined with the unique CO-adsorption
based particle size confinement. We have exemplified the
synthetic approach using the Pt—Ni system, however, it offers
broader applicability to other Pt bimetallic systems and likely to
alloy systems in general, provided sufficiently strong CO
adsorption. We have shed light on the dual role of CO as size-
confining and Ni content-controlling agent. We have demon-
strated the usefulness of size-confinement for establishing
accurate composition-property relationships, which otherwise
would be compromised by size variations. We hope this study
will spark more research into the use of gaseous surfactants in
solvothermal synthesis.
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