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Morphological control of crystals provides a means of tailoring
the interfacial arrangement of atoms and has a vital role in
enhancing the desired reactivity or stability of a matérial.
common method to manipulate crystal habit is to employ a growth
medium containing additives that can preferentially adsorb on
specific crystallographic planés® This changes the direction and
rate of crystal growth and results in crystals with different final
morphologied:® Preferential adsorption has been studied by carrying
out the crystallization process with various additives and examining
the resulting morphologies, from which the effect of additives can
be deduced. However, this method cannot methodically elucidate
how the relative stabilities of various crystallographic planes change
upon the addition of additives. Furthermore, if several additives
result in identical final morphologies, it is difficult to study their
abilities to stabilize a specific plane in a comparative manner.

In this study, we introduce a simple and straightforward approach
for systematically studying additives’ effects on the stability and
growth of various crystallographic planes of growing crystals. In
our method, we pre-form crystals with well-defined shapes (e.g.,
cubic, octahedral) and resume their crystallization in a medium that
contains the additive to be studied. This method makes it possible
to study additives’ interactions with specific planes (e{@0QC of
a cube and{111} of an octahedron) that already exist. By
monitoring how the original shapes transform over time, the role
and strength of habit modifiers can be studied in a more methodical
manner. Here, we describe our approach for the electrocrystalli-
zation of CyO crystals, which enabled us to determine the relative
stabilities of thg 10, {111}, and{11G planes of CeO in various
growth media. Through this study, a scheme to create new crystal
morphologies that cannot be formed via preferential adsorption
alone is also devised.

The cubic CuyO crystals used in this study were first galvano-
statically deposited (constant current depositios, 0.3 mA/cn¥)
in a 0.02 M Cu(NQ) solution for 5 min® The effect of NQ~
ions on stabilizing{100; planes of CyO has been reported
previously!® The resulting cubic crystals are uniform in shape and
size, but their orientations are random due to the polycrystalline

nature of the ITO electrodes used as working electrodes (Supporting

Information). Therefore, crystal images with two different orienta-
tions {100} and{111} planes parallel to the substrate) are shown

Figure 1. SEM images of CzO crystals after the crystallization process

of CO cubes was resumed in a 0.02 M Cu(@#iOsolution containing

0.17 M NaNQ@, N&SQOy, NH4NOsz, or (NH4),SO, for 5 min. The anions

and cations of the salts are separated into (columns and rows so that the
effect of individual ions can be easily recognized. For each case, crystals
viewed down on thé100Jand [1110directions are shown on the left and
right sides, respectively (scale barl um).

cubes, indicating that S® ions can increase the stability pf11}
planes. The most interesting results were obtained from media that
contain NH™ ions;{11G and{111 planes develop simultaneously,
resulting in a rhombicuboctahedral morphology. The appearance
of {110 planes of crystals with primitive cubic structures is not
common, and to the best of our knowledge, conditions that
artificially stabilize {110 planes of CyO crystals (space group
Pn3m, No. 224) have not been reported. The observed phenomena
can be considered an effect of hiHons since both NENO3 and
(NH,4)2S0O, lead to an identical morphology and th&10 planes

do not appear when the NHions are replaced with Na

Figure 2. SEM images showing the transformation of pre-grown cubic
Cuw0 crystals over time in a 0.02 M Cu(NJ solution containing 0.17 M

for results discussed in this study to best demonstrate the crystal(NH4)2S0s. Top: view down thell11ldirection. Bottom: [100direction;

morphologies.

Figure 1 shows scanning electron micrographs (SEM) af2Cu
crystals obtained when the galvanostatic deposition 0.3 mA/
cn? for 5 min) was resumed with the addition of 0.17 M NapjO
NaSO,, NH;NO;3, or (NH,),SO, as a habit modifier to the original
plating medium. Crystals grown in the presence of NgR@intain
the same cubic morphology, indicating thatNans do not exert
any noticeable effect that can overcome the effect o Nidns
stabilizing{10G planes. The crystals obtained in the presence of
NaSO, developed a fraction df111} planes at the corners of the
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scale bar= 1 um.

A time-dependent transformation of &l cubes in the presence
of NH4" ions provides more information regarding the effect of
NH4* ions on the relative stability of thgl0Gt, {111}, and{11G
planes, which is inversely proportional to the growth rate along
the 10QC] [1110) and [1100directions. Figure 2 shows that, while
the{100} surfaces constantly decrease in area{tti€} surfaces
reach a maximum area and then decrease. Concurrently] tfig
planes continually gain in area, eventually leading to an octahedral
morphology. This result suggests that the most stable planes in the
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forming certain crystal shapes and forcing them to grow in a
medium where the initial shape becomes the most unstable
morphology can be used as a general scheme to form planes with
stabilities between those of the pre-existing planes and those of
the final planes stabilized.

It is worth mentioning that the surface roughness observed in
some images shown in Figures 2 and 3 is not due to the intrinsic
nature of NH* or CI- ions as a habit modifier, but arises from

planes at the surface without any indication of formfdd G planes cthgeT |n.the growthh mechanllsm f("%’ Ia|11yer ?]y layer gr(_)yvth 0
(Supporting Information). This experiment clearly demonstrates that polynucleation growth on crystal surfacés)/hen the composition

the stabilization of 110} planes and the information on the relative  ©f the plating medium changes, it can affect the reduction potential

stabilities of{ 100}, {110}, and{111} planes cannot be achieved O©f Cu?* ions and the deposition potential required to maintain the
without using pre-grown cubic crystals. same current density, which alters the driving force for electroc-

rystallization and therefore the growth mechanism. However, the
growth mechanism and surface roughness can be independently
controlled from crystal habit by tuning electrochemical (deposition
potential and current) and chemical (pH, ionic strength) conditions,
which is not a scope of this study.

In summary, we demonstrated a new approach of using pre-
grown crystals with well-defined shapes to systematically determine
the role of habit modifiers and relative stabilities of Quplanes
in various growth media. Applying our method to study various
crystal systems may enable us to classify common features of
additives (e.g., charges, type of atoms) and crystallographic planes
(e.g., atomic arrangement, surface termination, surface charge) that
permit strong interactions between them, which would significantly
improve our general understanding of preferential adsorption
phenomena.

medium containing Nt ions are thd 111} planes. The temporary
appearance dfl1G planes can be attributed to the relative stability
of planes in this medium being in the order{df00} < {11G <
{113. In this case, both th¢110G and {111} planes are more
stable tha{ 10G} planes and initially gain in area, but eventually
the crystal surface will be composed of only the most stablil}
planes. When NENO; or (NH,),SOy is present in the 0.02 M Cu-
(NOs); solution from the beginning of the crystallization process,
Cu0 crystals grow as octahedral crystals exposing only 1}

Figure 3. Transformation of pre-grown octahedral Qucrystals over time

in a 0.02 M copper nitrate solution containing 0.17 M SDS and 0.004 M
NaCl. Top: view down théllidirection. Bottom: [100direction; scale
bar= 1 um.

When additives in a Cu(N§), solution do not create any
noticeable morphological changes in pre-grown cubigCerystals,
it is not possible to evaluate the strength of their ability to stabilize
{10G planes relative to that of N ions. In this case, a crystal Microscopy Facility at Purdue University and was financially

morphology other than a cube can be used as a starting point to ) )
precisely determine the effect of the additives. Figure 3 demonstratessuppmGd by the U.S. Department of Energy (DE-FG02-05ER15752)

how NaCl, which does not alter the morphology of pre-grown cubes, and the Alfred P. Sloan Research Foundation.
interacts with pre-grown octahedral Lucrystals. Octahedral GD
crystals were first grown for 5 min in a 0.02 M Cu(N@solution
containing 0.17 M sodium dodecyl sulfate (SDS), and the deposition
resumed after 4 mM NaCl was added to the deposition solution.
The effect of SDS stabilizing thgl11} planes of CeO has been
previously reported? Since Nd ions were already present in the
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Supporting Information Available: Representative XRD of GO
crystals, SEM images of crystals grown using the same conditions in
Figure 1 without using pre-grown cubes, low magnification SEM

images of initial cubic and octahedral crystals depicting the random
orientation of crystals, and low magnification SEM images of crystals

medium (from SDS) before the addition of NaCl, any additional Presented in Figures 2 and 3 that show the uniformity of shape
morphological change observed can be reasonably assigned as aH.egulatlon obtained in this study. This material is available free of charge
effect of CI ions. The concentration of NaCl used in this Via the Interet at http://pubs.acs.org.
experiment (4 mM) is significantly lower than those of other
additives discussed (0.17 M). This is necessary because we observegeferences
that CyO was chemically not stable under the presence of excessive
Cl~ ions and was converted to €Li(OH); or its hydrated fornit

The time-dependent transformation of octahedral crystals in
Figure 3 shows that crystals initially developed béttlG and
{10@¢ planes, but only{ 100 planes remain in their final mor-
phologies, leading to cubic shapes. From the final morphology, the
effect of CI ions can be explicitly determined; they stabil{ZE0}
planes more strongly than NOions (before NaCl is added, NO
ions alone do not overcome the effect of SDS and octahedral shapes
resulted). The temporary appearanc@Xf( planes again provides
information regarding the relative stability §100, {111, and
{11G planes in this medium, which is in the order gf1} <

(1) Burda, C.; Chen, X. B.; Narayanan, R.; El-Sayed, MCAem. Re. 2005
105 1025.

(2) Stupp, S. I.; Braun, P. \Sciencel997, 277, 1242.

(3) Adair, J. H.; Suvaci, ECurr. Opin. Colloid Interface Sci200Q 5, 160.

(4) Mann, S.Angew. Chem., Int. E®00Q 39, 3393.

(5) Sun, Y. G.; Xia, Y. N.Science2002 298 2176.

(6) Sau, T. K.; Murphy, C. JJ. Am. Chem. SoQ004 126, 8648.

(7) Krasnikov, G. Y.; Bokarev, V. PDokl. Phys. Chem2002 382, 14.

(8) Sunagawa, [Crystals: Growth, Morphology, and PerfectioBambridge
University Press: Cambridge, 2005.

(9) Galvanostatic depositions at 80 were used for all the results shown in
this study (2C&" + H,O + 2e- — CwO + 2H"). For the counter
electrode, 100 A of titanium followed by 500 A of platinum were deposited
on clean glass slides by sputter coating. ITO (sheet resistarice+ 5
Q/cn?), purchased from Delta Technologies, Ltd., was used as a working
electrode. The compositional purity of the LQucrystals obtained was
confirmed by powder X-ray diffraction.

{113 < {10G. When the crystallization process is initiated in the
same solution without pre-grown octahedral crystals, information
regarding{ 110} planes cannot be obtained because crystals adopt
cubic shapes from the early stages of habit formation. This result,
along with the result obtained with NHions, establishes that pre-

(10) (a) Siegfried, M. J.; Choi, K. dv. Mater.2004 16, 1743. (b) Siegfried,
M. J.; Choi, K. S.Angew. Chem., Int. EQ005 44, 3218.

(11) (a) Pollard, A. M.; Thomas, R. G.; Williams, P. Mineral. Magn.1989
53, 557. (b) Eriksson, P.; Carlsson, B.; Wallinder, I.IBEE T. Compon.
Pack. T.2001, 24, 99.

JA063574Y

J. AM. CHEM. SOC. = VOL. 128, NO. 32, 2006 10357





