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ABSTRACT: Conventionally, phase diagrams serve as road maps for the design and >12

synthesis of materials. However, bulk phase diagrams are often not as predictive for
the synthesis of nanometric materials, mainly due to the increased significance of
surface energy. The change of surface energy can drastically alter the total energy of
the nanocrystals and thus yields a polymorph or metastable phase different from the
stable phase in bulk, providing a means for controlling the synthesis of metastable
phases. To achieve a theoretical and systematical understanding on the polymorphism
of nanomaterials, metallic cobalt was chosen as a model system, where the two
polymorphs, fcc and hep phases, can be tuned with 100% selectivity in a solvothermal
reaction. Advanced in situ synchrotron X-ray diffraction (XRD) technique and density
functional theory (DFT) calculations were complementarily employed to reveal the
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size- and surface-dependent polymorphism at nanometer scale. The nanometric phase diagram provides a general predictive

approach to guide the synthesis of metastable materials.

B INTRODUCTION

Nanometric materials, including nanoparticles, nanowires,
nanotubes, or other nanostructures, exhibit many interesting
physical and chemical properties that differ from those of bulk
materials.' > For example, LiFePO,, a popular cathode
material for lithium ion batteries, can only demonstrate
ultrahigh rate cycling in nanoparticle form.” However, the
synthesis of nanometric materials is often very difficult, heavily
relying on Edisonian trial-and-error processes’ and lacking
theoretical and systematical guidelines. At the nanometric
scale, many metastable phases and polymorphs may be favored
over the thermodynamically stable phase in the phase diagram.
Thus, the phase diagrams built upon bulk phase thermody-
namics provide limited guidance for synthesizing nanomateri-
als at the nanometer scale. This deviation from conventional
phase diagrams is mainly due to the significant contribution of
surface energy into the total energy of the nanometric
crystal.’™® How the surface exactly varies the total energy
and thus alters the phase diagram at nanometric scale is the
fundamental question necessary for understanding and guiding
the synthesis of nanomaterials. In this work, we attempt to
address this question by applying ab initio computation on
nanoparticles of model materials with different surface
conditions in different synthesis environments, and by verifying
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the results of experimental synthesis using advanced in situ X-
ray diffraction techniques.

Previously, many methods have been demonstrated in a
wide range of nanomaterials to tune the geometric features,
such as the particle size,”'’ morphology,"' ~'* and exposing
facets,">'® to obtain enhanced properties that are useful for
certain applications. The prevailing method to tune the size
and morphology of certain functional materials is to use
capping agents to control the growth kinetics for the different
exposing surfaces. For example, Xia et al.'” synthesized a cube
of silver using polyvinylpyrrolidone (PVP). It is worth noting
that most of such works only change the geometric features of
the material, but the phase/polymorph of the material remains
the same.'® ™% It is rare to see the crystal structure of the
material, that is, the symmetry and space group, completely
changed depending on the capping status. Some previous
investigations did demonstrate that possibility of such
dependence."®*'7** Navrotsky et al.’° demonstrated exper-
imentally the polymorphs of TiO,, using both adsorbed water
molecule and particle size as tuning factors to control the
formation of the nanoscale polymorphs (e.g, rutile and
anatase). Ceder et al.” reported a computational study on
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calcite mineral using Mg** as the doping ion to obtain
metastable aragonite. In recent research, K and Mg2+23 were
used to tune the formation of different polymorphs of MnO, in
solution, respectively. However, in the three later cases, the
composition of the polymorphs was not exactly the same, due
to incorporation of the doping cations. In a parallel effort, we
aim to explore the interplay of bulk lattice energy and surface
energy in a system with constant composition to reveal and
quantitatively evaluate the polymorphism induced solely by
surface energy contributions.

For this reason, metallic cobalt was chosen as the model
system. Cobalt is known to have two common polymorphs, the
hexagonal close-packed (hcp) phase and the face-centered
cubic (fcc) phase. In the bulk material, the hcp phase is
thermodynamically more stable at lower temperatures, while
the fcc phase is more stable above 450 °C.”* Nanometric Co is
widely used as magnetic, electrical, and catalytic materials,
warranting the importance of understanding its polymorphism
in nanometer scales.”” In previous efforts to synthesize Co
nanoparticles, the results varied depending on different
synthesis conditions. Some syntheses yield fcc,**”” some
yield hep,”**” and some yield the mixture of the two.”’ There
is a lack of systematic and fundamental understanding as to
why these phases selectively form and how to control the
selectivity. On the basis of these considerations, we for the first
time identified a method that could tune the formation of fcc
and hcp Co with 100% selectivity and conducted DFT
computations to identify the energy contribution from the
surfaces and its critical role in determining the formation of

different polymorphs.

B MATERIALS AND METHODS

Solvothermal Synthesis. As a typical protocol for the synthesis
of Co nanoparticles, 3 mmol of cobalt hydroxide (Co(OH),) (99.9%,
Alfa Aesar) and a certain amount of potassium hydroxide (KOH)
(85%, Alfa Aesar), varying from 0, 1, 2, to 4 g, were dissolved in 12 g
of ethylene glycol (EG) (99+%, Alfa Aesar) at room temperature to
form solutions with various pH values. The slurry then was transferred
into polytretrafluoroethylene (PTFE)-lined 23 mlL stainless steel
hydrothermal autoclaves (Parr Instrument). The autoclaves were put
into an oven at the desired temperature and for the desired reaction
time. After the completion of the reaction, the autoclaves were cooled
to room temperature. The solid products were separated from the
solution by centrifugation at 4000 rpm (Centrifuge, Eppendorf
5804R), washed three times with distilled water and one time with
acetone, and finally dried in an oven in air at 60 °C for 2—3 h.

Computational Methods. The ground-state bulk and surface
energies of fcc and hcp Co were calculated using density functional
theory (DFT) with the projector augmented-wave approach (PAW)>'
as implemented in the Vienna ab initio simulation package (VASP).*
The generalized gradient approximation (GGA) of Perdew—Burke—
Ernzerhof (PBE) was used for the exchange-correlation energy.g'3 The
plane-wave energy cutoff and k-point mesh were consistent with
parameters used by the Materials Project (MP).** Surface calculations
were performed using supercells of Co metal slabs with vacuum
regions on both sides of the slab. H*, OH~, and H,O adsorbates were
added in several locations and concentrations while maintaining the
symmetry of the slab surfaces. Surface energies, as dependent on
adsorbates and pH, were calculated using the following expression:

1
Y= E(Eslab = coEpu = Maashy,)

where A is the area of the surface in the slab supercell model, Ey,, is
the total energy of the slab-vacuum supercell, Ey,y is the energy of the
bulk phase, and p 4, depends on the adsorbate type. For example, for
OH™ adsorbates, poy = AG&ZO + Y+ pd + kT In(10)pH.* Using
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the lowest energy configurations for each surface index, the Wulff
shapes of Co nanoparticles in different pH conditions were
constructed. The Wulff shapes were used to determine the bulk and
surface energy of a nanoparticle as dependent on particle size. The
total energy was found as a sum of the bulk and surface energy terms.
The total energy difference between nanoparticles of each polymorph
was calculated to generate the fcc—hcp phase diagram as a function of
particle size and pH. The total energies neglected the contribution of
the PV term and the entropy term, which are expected to largely
cancel out in calculating the energy differences between the two solid
phases.*®

In Situ Synchrotron X-ray Diffraction for the Solvothermal
Synthesis. The in situ synchrotron XRD experiments on cobalt
nanoparticles were done at beamline X14A (wavelength = 0.7793 A),
the National Synchrotron Light Source (NSLS) at Brookhaven
National Laboratory, and at beamline 17-BM-B (wavelength = 0.7277
A), Advanced Photon Source (APS) at Argonne National Laboratory,
with slightly different setups. Co(OH),, KOH, and EG were mixed to
form a pinkish slurry with various pH values with a procedure similar
to that described above. An in situ solvothermal cell was used to
collect the XRD pattern during the solvothermal reaction, as
schematically illustrated in Figure S1. The solution/slurry in the
quartz tube with 1 mm inner diameter was heated to the desired
temperature with an air blower heater at NSLS and with a ceramic
heating cell at APS, respectively.

The temperature of the heating cell was calibrated using a thermal
couple placed at the tip of the capillary and using a thermal couple
inserted into an empty quartz tube. The calibrations from the two
methods have negligible deviations. The quartz tube was spun during
heating for the purposes of stirring the solution and averaging the
orientations of the powder. XRD patterns were collected with a step
size of 10 or 20 °C until the desired temperature was reached. Each
XRD scan typically took 5—15 min, depending on the concentration
of the solution. At each step, 2 min idling time was used to allow the
reaction and temperature to stabilize, and then the temperature was
held during the XRD scan. When the desired reaction temperature
was reached, such as 200 or 250 °C, the temperature was held for a
few hours to allow the reaction fully complete. During this period,
XRD scans were taken every 5—30 min, depending on the kinetics of
each batch of reaction. Finally, the tube was cooled to room
temperature after the scans were done.

Other Characterizations. An X-ray diffractometer (D8 Ad-
vanced, Bruker) with molybdenum radiation (A, = 0.709 A) was
used to examine the crystalline phase of the synthesized compound
from 260 between 8° and 40°. Rietveld refinement was done to
determine the ratio of the polymorphs in the mixture as well as to
obtain the lattice parameters using GSAS software.”” High-resolution
transmission electron microscopy (HRTEM) and scanning trans-
mission electron microscopy (STEM) were performed to reveal the
morphology and crystal structure of as-synthesized Co nanoparticles
under various conditions using the double aberration-corrected JEOL-
ARM?200CF microscope with a cold-field emission gun operated at
200 kV.

B RESULTS

Selective Formation of hcp and fcc Co. On the basis of
the hypothesis that the surface energy may significantly vary
the total energy of nanometric crystals, it would be easiest to
observe this effect at the nucleation stage as then the surface
atoms take the largest fraction of the total number of atoms.
To control the formation of different polymorphs via tuning of
surface energy, a natural thought is to use different absorbents/
capping agents. Experimentally, we choose to use a polyol-
based solvothermal reduction method to synthesize Co
nanoparticles as wet-chemistry synthesis allows more possible
capping ions/functional groups, as compared to synthesis with
all solid-state reactions or physical metallurgy.’”® In the
solvothermal synthesis of Co, it turns out that even a very
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simple capping agent, OH™, could vary the surface energy
enough to change the relative stability of the two polymorphs.
In our solvothermal synthesis, Co(OH), was used as the cobalt
source, while ethylene glycol (EG) was used as both the
solvent and the reducing agent, and 0—4 g of KOH was used as
the additive. Co(OH), is slightly soluble in basic EG solution.
The reduction reaction takes place typically at temperature
>180 °C as follows:

Co(OH), — Co*" + 20H"~ (1)

Co** 4+ CH,0H-CH,0H — Co + CH,COOH + 2H*

)
With this solution reaction, the newly formed Co° nucleates in
very small clusters. Because this reaction requires basic or
neutral solution to go forward, as implied in reaction 2, and
because metallic Co reacts with acids, therefore, acidic solution
was not tested. Table S1 summarizes the synthesis conditions
of different samples. Samples obtained from batches with
different amounts of KOH (4, 2, 1, and 0 g) are denoted as S1,
S2, S3, and S4, respectively. Figure 1 shows the XRD patterns
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Figure 1. XRD patterns of S1, S2, S3, and S4, synthesized in

solvothermal solutions with addition of 4, 2, 1, and 0 g of KOH in 12
g of EG solvent, respectively.

of each sample. For S1, with 4 g of KOH added to obtain a
high concentration of OH~, which almost reaches the
solubility limit of KOH in EG solvent, the product is pure
hep Co (PDF no. 05-0727). This result is in accordance with
the bulk phase diagram in that hcp Co is the stable phase
below 450 °C. However, for S4, where no KOH is added and
the solution is neutral, the reaction yields a pure fcc Co phase
(PDF no. 15-0806). This result clearly deviates from the bulk
phase diagram, as the temperature that converts bulk hecp Co
to fcc Co is 450 °C, while our reaction temperature is only 200
°C. With an intermediate amount of KOH (1 g) adding in the
solution, the product is a mixture of approximately equal
amounts of hcp and fcc phases. With increasing amount of
KOH to 2 g, sample S2 yields more hcp phase than fcc phase.
The relative ratio of the two phases in S2 and S3 phases is
extracted by using two-phase whole-pattern fitting on the XRD
patterns of these samples. The refinement results and
parameters of all four samples are shown in Table S2 and
Figure S2. In S2 and S3, the fraction of hep Co is determined
to be 79% and 64%, respectively. This gradual change in the
composition of product from pure hcp to the mixture and then
to pure fcc shows obvious dependence on the concentration of
OH in the solvothermal solution.

As solvothermal reactions using a statics Parr Instrument
vessel without stirring take hours to reach the desired
temperature and the reaction is slow and inhomogeneous, it
is very difficult to collect samples at the nucleation stage. We
collected samples with the shortest reaction time that yields a
pure phase for microscopic investigations. Figure 2 shows the

Figure 2. TEM (ac) and STEM high angle annular dark field
(HAADF) (b) images of pure fcc Co nanoparticles, with scale bars of
20, 2, and S nm, respectively; and TEM (d,f) and STEM-HAADF (e)
images of pure hcp Co nanoparticles, with scale bars of 50, 2, and §
nm, respectively.

TEM images of Co nanoparticles that yield pure fcc (a—c) and
pure hep (d—f) phases, collected from a 9-h and a S-h reaction,
respectively. The particles show severe agglomeration, but it
could be seen that the primary particles are small single crystals
with rather uniform sizes. No fused secondary particles were
observed. The average size of fcc Co is around 2—4 nm, while
for hep Co it is about 3—5 nm. From the high-resolution
images in Figure 2¢ and f, it could be seen that the particles are
well-crystallized. The d-spacing of (111) faces in fcc Co is
about 0.203 nm, while the d-spacing between (002) faces in
hep Co is about 0.206 nm, which agree with the values
extracted from Rietveld refinement of the XRD patterns. The
morphology and the exposing facets of the particles, however,
are difficult to clearly identify due to the strong agglomeration
of the particles, which is very common for nanoparticles.

Surface Energy of Co Nanoparticles. To understand
how surface energy governs the formation of polymorphs of
Co nanoparticles, DFT calculations were performed to
evaluate the surface structures and surface energy of several
low-index facets of fcc and hcp Co phases with various surface
adsorbents. According to the Gibbs—Curie—Wulff theorem,””
the shape of a single crystal is a result of minimizing the surface
energies of all facets.”” Calculations were performed for the
(100), (110), and (111) surfaces of the fcc phase, and the
(1100), (0001), and (2110) surfaces of the hcp phase. The
surface energies of surfaces with different adsorbents such as
H', OH", and H,0, with varying surface coverage, were
evaluated. The OH™ terminated surfaces were found to have
the lowest surface energies for all fcc and hep surfaces over a
wide range of pH values (see Figure S3). It should be noted
that the acidic pH is only used in computation for the sake of
covering a wide range of OH™ concentrations, while in
experiments acidic pH can not be tested because Co reacts
with acid to form hydrogen gas.

The calculated surface energies from the lowest-energy
surfaces were used to construct Wulff shapes of fcc and hep Co
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phases, which show the equilibrium morphology of a particle.
Because the calculated surface energy varies with pH (i.e., the
concentration of OH™), the Wulff shapes also changed as the
pH was increased (Figure 3). For all pH levels, the dominant
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Figure 3. Wulff shapes of fcc Co in acidic condition (a) and basic
condition (b); and Wulff shapes of hcp Co in acidic condition (c) and
basic condition (d). The color bar indicates the calculated surface
energy of each facet.

facet in fcc Co was (110). The energy of the (110) surfaces
decreased more rapidly than those of the (111) and (100)
facets as the solution became more alkaline (see Figure S3). As
a result, with increasing pH, the fraction of the (110) facets in
the Wulff shape increased, as shown in Figure 3a and b. The
Wulft shape of hcp Co is a hexagonal prism, made of the
(2110) and (0001) facets in all pH conditions (Figure 3c and
d). In summary, the surface energies and Wulff shapes of both
fcc and hep Co vary with pH values. This variation impacts the
total energies of the Co nanoparticles and their preferences for
fcc versus hep phases as a function of pH (the concentration of
OH™ in solution).

Phase Selectivity of Co Nanoparticles. To understand
how the thermodynamically favored phase is influenced by the
surface energy, the total energy of hcp and fcc Co
nanoparticles was calculated and compared to construct a
phase diagram as a function of particle size and pH values. The
total energy of Co nanoparticles (in both hcp and fcc phases)
as a function of particle size was calculated as the sum of the
bulk energy and the total surface energy contributed from each
facet present (see details in Materials and Methods). The
phase diagram with respect to particle size and solution pH
was constructed by comparing the total energies of Co
nanoparticles in hcp and fec phases (Figure 4). In short, the
pH value determines the morphology of the nuclei and thus
also determines the stable polymorph phase in this condition.
The total energy difference between the two nanoparticle
polymorphs describes the thermodynamic driving force for the
formation of a given phase. The larger the energy difference is,
the more one phase is favored over the other. As the phase
diagram indicates, the fcc phase of Co is favored to nucleate in
acidic pH conditions and for smaller particle sizes, while the
hep phase is favored under more basic conditions and favored
as the Co particle becomes larger. These calculations could
therefore explain the observed formation of hep Co under high
pH and formation of fcc Co under neutral pH at nanometer
scale as the result of surface energy contribution. The
formation of a mixture of hcp and fcc Co in samples S2 and
S3 can be explained because at these intermediate pH values,
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Figure 4. Phase diagram of fcc versus hcp Co nanoparticles with
respect to varying particle size and pH level of the solution. The color
bar shows the energy differences between the nanoparticles of the two
phases. The black dashed line demonstrates the phase composition
and particle size observed from the in situ XRD experiments.

the total energies of hcp and fcc nanoparticles are very similar.
Therefore, the thermal fluctuations allow for the nucleation of
both phases, but with statistical probabilities that are
determined by the differences in their total energy (i.e., more
hep phase yields in S2 than in S3 due to the higher pH).

In Situ XRD Investigation. By far, we have demonstrated
that the ex situ experiments and computations agree with each
other well on the observations that a high concentration of
OH™ coverage on the surface of the nuclei lowers the energy of
the hcp phase as the stable polymorph. However, one could
argue that what computation captures is the energy of the
nuclei or the nanoclusters with size of a few nanometers, while
the XRD patterns, as well as the TEM images, were taken from
samples with a few tens of nanometers or micrometer-sized
sample. It is possible that the polymorphs may convert during
the reaction; therefore, the initial and final phases are different.
As it is rather slow to heat and cool the solvothermal reactor, it
is impossible to rule out such transformations with post
mortem or ex situ observations. Therefore, in situ observation
and characterization is essentially necessary. One outstanding
challenge is that solvothermal synthesis, and similar hydro-
thermal synthesis, is previously considered as a black box.
Because of the high pressure generated by the solution at
elevated temperatures (room temperature to a few hundreds of
Celsius), conventionally the solvothermal/hydrothermal re-
actions have to be carried out in thick-walled press vessels
made of high strength metals, which made it impossible to
detect the reaction inside in real time with any characterization
tools. One can only guess the reactions inside by varying the
starting materials and analyzing the products. In this study, we
developed a unique platform that allowed us to in situ track the
solvothermal reaction with high transmitting synchrotron X-
ray, as elaborated in Materials and Methods. We were able to
track the full path of this solvothermal reaction in real time
from starting materials to the nucleation state and the
following crystal growth and ripening processes.

Solutions with the same starting materials as those used in
the lab synthesis were used in the in situ XRD observations in
the sealed quartz tube, S4, S3, and S1, as previously denoted
(see Table S3). Figure Sa—c shows the results of in situ
solvothermal reactions done at beamline X14A at the National
Synchrotron Light Source (NSLS) and at 17-BM-B at the
Advanced Photon Source (APS). The reaction starts from
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Figure S. (a) In situ XRD patterns of S4 without KOH addition, (b) S3 with 1 g of KOH addition, and (c) S1 with 4 g of KOH addition in 12 g of
EG solvent.
room temperature, with a heating step of 10 °C. As denoted in . = = HCP Co
Figure S, each reaction starts with Co(OH),, and gradually 500K ' . * Co(OH),
shows the nucleation and growth of Co phases while 480K AN
consuming the starting materials. As expected, S4 yields pure 460K A
fcc Co phase, S3 yields a mixture of hep and fcc phases, and S1 3 440K AN
yields pure hep Co phase. No phase crossover was observed in 8 L ad20K A
any of these experiments, which confirms that the formation of 2 400K e -
the polymorphs starts directly from nucleation stage. Using the g gggﬁ A
Scherrer equation, the particle size of fcc phase in S4 and hcp € 330K ‘::
phase in S1 and S3 at the nucleation stage is estimated to be X320k =1 = E ‘ "
around 2, 4, and 3 nm, respectively. The particle size and phase L T 1 1.1
composition of the samples are schematically labeled with the E—
dashed line in Figure 4. Again, it shows that the computation 8 12 16 20 24 28 32 36

and experiments well agree each other. It should be noted that
in experiments, the hcp phase always shows a larger particle
size in the in situ XRD observation, either in the pure hcp
product or in the hep—fcc mixed products. It is mainly because
the thermodynamic driving force for the formation of hcp
phase in high pH environments is greater than that of fcc phase
in neutron pH, as indicated by the color in Figure 4. With the
greater driving force, the particles of hcp phase grow faster and
result in larger size than the fcc phase, under the same heating
program in the in situ XRD experiments.

By now, it can be concluded on the basis of both
experimental and computational results that the concentration
of OH™ in solution, or say the pH level of the solution, is a
critical factor that influences the stable phase obtained for Co
nanoparticles via changing the surface energy by the capping
effects of OH™. The hcp Co is more favorable under higher pH
conditions, while fcc Co is more stable under neutral
condition. This interplay between surface energy and total
energy is expected to be general. It would be interesting to see
that such surface-controlled polymorphism can be observed
with other capping agents other than OH™. Therefore, we
designed experiments to use dioctyl sulfosuccinate sodium salt
(AOT) (see Figure S4 for the chemical structure of AOT) as
an alternative capping agent to observe the polymorphism of
Co. In situ solvothermal synthesis using the same Co source
(Co(OH),) and solvent (EG) but without adding any KOH
was carried out on the beamlines. The results, as shown in
Figure 6, clearly show that with adding just 1 mmol of AOT,
which is a far lower concentration than that of KOH used in
previous experiments, the synthesis yields pure hcp Co phase
from the nucleation stage. This clearly indicates that AOT has
the same capability of varying the surface energy of Co clusters.
Because of the selective bonding of AOT ligands with Co
facets that lowers the surface energy, it results in an hcp phase
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20 (L= 0.779 A)

Figure 6. In situ XRD pattern of sample with 1 mmol of AOT
addition in 12 g of EG solvent.

formation and growth. This experiment provides another proof
of the feasibility and effectiveness of tuning surface energy to
vary the total energy and thus tune the polymorphs.

B DISCUSSION

In this work, we demonstrate that tuning the surface energy via
capping ions can completely change the yielding polymorph
for Co nucleation in solution. This tuning of polymorph is
purely due to the change of surface energy and does not
involve any stoichiometry change as Co is a simple substance,
which is different from previous works where such tuning is
realized through changes in stoichiometry and composition.”*
This indicates that surface energy by itself could be significant
enough to vary the relative stability of different polymorphs.
The tuning ability of the surface capping agents depends on
both the energetics of the materials as well as the bonding/
adsorption ability of the capping agents. One may expect that,
if the difference in bulk energy of the polymorphs is too large,
it would be difficult to alter the stable phase by solely changing
the surface energy. However, surface energy may become
significant as at the nucleation stage the particle size is very
small. In this case, the difference between the ground-state
energy of the two polymorphs of Co capped with OH™ is at
the scale of 0.25 kJ/mol*" (corresponding to the transition
temperature of 450 °C), while the surface energy for a 1 nm
nucleus under neutral condition (pH = 7), as computed, is
0.76 kJ/mol, which is more than 3 times higher. This implies
that this surface energy tuning strategy may be effective for
many other materials with even more significantly different
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energy among the polymorphs (i.e., higher polymorph
crossover temperature in simple heat treatment), considering
using capping agents such as AOT with a stronger surface
bonding effect than OH™. Polymorphism is very common in
many important functional materials, such as TiO, (anatase,
rutile, brookite), CaCO; (calcite, aragonite), and many
electrode materials for alkaline metal ion batteries.””" The
synthesis of nanometric materials may benefit systematically
considering the contribution of surface energy and controlling
it accordingly. In fact, we have attempted to tune the
polymorphs of alloys. Similar tuning effects can be realized
and will be published elsewhere. Such a tuning method in
principle can be applied to many more complicated crystalline
materials, although the tuning factors may not necessarily be
pH or AOT. Other factors such as the solvent or other ligands
may be more sensitive and effective.

Another important factor is the bonding ability of the
capping agents. When tuning the polymorph of Co with OH",
at least 4 g (or 70 mmol) of KOH was required to form pure
hcp phase. However, use of only 0.016 g (1 mmol) of AOT
yielded the same pure hcp product in a 12 g EG solution. That
is because the bonding between the surface Co atom and OH"~
is relatively weak and very dynamic. A high concentration of
OH™ is necessary to achieve enough coverage that can
effectively change the energetics. As a contrast, the SO;~
functional group in AOT has much stronger bonding with
surface Co, due to the induction effect of sulfur.** Meanwhile,
the much higher mass of AOT makes the adsorption much less
dynamic and more stable. As a result, a much lower
concentration of AOT is needed to yield pure hcp Co. It is
also worth noting that the use of capping agent in wet-
chemistry syntheses is very common for the purpose of tuning
the morphology of nanoparticles and nanowires. Yet in those
cases, only the growth kinetics was varied due to the selective
adsorption of the capping agent on different facets of the
material. However, in this case, the formation of different
phase-pure polymorphs was governed by thermodynamics, as
demonstrated by the computational results and the in situ
XRD observation.

More importantly, the nanometric phase diagram with
particle size parameter has been established from DFT
computation to evaluate and predict the stable phase in
nucleation, and is demonstrated with accuracy and effective-
ness in the case of Co. In more complicated solutions, more
factors such as the competing effect of different ligands and
possible stoichiometry change and defects in the crystal need
to be considered. As a grand vision, a database of nanometric
phase diagrams as the function of particle size, chemical
environment, and the concentration of the capping agent can
be constructed to guide the synthesis of nanometric
polymorphic materials.

B CONCLUSIONS

In summary, we combined both experimental results and
computational work to generalize an approach to understand
the phase selection mechanism of Co polymorphs under
solvothermal conditions. It was found that the surface energy
was largely affected by the adsorbents, OH™, from the solution.
In competing with the bulk energy of particles, the surface
energy plays an important role in determining the overall
energy of the polymorphs for nanometric Co particles,
resulting in the formation of various phases under different
pH levels. The proposed driving force landscape of fcc and hep

Co could serve as a reference for selective synthesis of various
polymorphs of nanoscale Co for specific applications. This
method may be extended to other functional materials besides
simple elemental materials, such as alloys, oxides, or
carbonates.
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