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Langmuir Lecture delivered by Kristen Fichthorn at the Fall 2020

Virtual Meeting of the American Chemical Society. We discuss how

multiscale theory and simulations basedrstrprinciples DFT

were useful in uncovering the intertwinedences of kinetics and

Inetl f i
thermodynamics on the shapes of Ag and Cu cubes and nan @ '

grown in solution. We discuss how Ag nanocubes can form thro
PVP-modied deposition kinetics and how the addition of chloride
to the synthesis can promote thermodynamic cubic shapes for both -
Ag and Cu. We discuss kinetic factors contributing to nanowire Thermodynamlcs

growth: in the case of Ag, we show that high-aspect-ratio nanowires

can form as a consequence of Ag atom surfasgodion the

strained surfaces of Marks-like decahedral seeds. On the other hand,

solution-phase chloride enhances Cu nanowire growth due to a synergistic interaction between adsorbed chloride ar
hexadecylamine (HDA), which leaves the {111} nanowire ends virtually bare while the {100} sides are fully covered with HDA. Fo
each of these topics, a synergy between theory and experiment ledaiot gigrgress.

ABSTRACT: In this feature article, we provide an account of the

4

INTRODUCTION the Cu catalyst. The product was overwhelnaisglyibene

Shape control of metal nanocrystals will enable man(]}'/:igure B) when the reaction was catalyzed by céims¢

applications that imence health and our overall quality of C) or wires Figure D), which both express a predominance

; ; 100) facets. However, when Cu nanoplates (with mostly
life. Although many shapes have been synthesized thro Ifu( .
solution-phase routes, the syntheses are generally not : 1} facets) were used as the catalyglu(e E), they

controlled with regard to selectivity and yield to a particula served a mix of cis and_ trans isomers, a product d_|s_tr|but|on
mparable to that obtained with a support containing no

shape. Input from theory and simulations is useful in thig° 7 o i
reggrd, anr()j in this featurg article, we provide an account of t %talyst. Thus, by designing the catalyst shape it is possible to

motivations, the experiments, and the theory discussed in ctate the outcome of a chem_lcal trans_format|on.
Langmuir LecturéTheory of Shape-Selective Metal Nano- A sec_onc_j example |I|u§trat|ng the importance of shape
crystal Synthesis from First-Principtiedivered by Kristen control is in the synthesis of penta-twinned Cu and Ag

Fichthorn at the Fall 2020 Virtual Meeting of the America2NOWIres with h'gh. aspect ratios. Ag nanowires have been
Chemical Society. researched extensively for use émible, transparent

Numerous applications will be enabled or enhanced b nducting thin Ims; which nd application in touch-
achieving shape control of metal nanocrystals. In hetero

creen panelsgexible displays, and solar cells. Sy
neous catalysis, for example, the activity and selectivity o egearch is also underway to facilitate their usiie and
chemical conversion can be highly sensitive to the particu

ransparent heatéfsarti cial skin>® smart windows""’
facet of the material that catalyzes it. With shape control, it h

ged wearable or implantable health-monitoring applica-
become possible to synthesize catalysts that express the racst
active and selective facets. A nice example (amondg’ymdny — Received: February 8, 2021
particular relevance to our research is from the work of Xiao B¢vised: March 27, 2021
al., who studied the deoxygenatiortrarfisstibene oxide  Published: April 9, 2021
catalyzed by various Cu nanomatériséswe see iffigure
1A, the product of this reaction could be eitieor trans
stilbene, with the particular isomer depending on the shape of

© 2021 American Chemical Society https://doi.org/10.1021/acs.langmuir.1c00384
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Figure 1.(A) The deoxygenation trinsstilbene oxide can produce two isono@stilbene anttansstilbene. (B) The selectivity to eithir
stilbene otransstilbene for various catalytic nanomaterials. When the reaction was catalyzed by Cu nanocubes (C) and Cu nanowires (D), whicl
contain a majority of {100} facets, the product was roisstiybene. When the reaction was catalyzed by Cu nanoplates (E), with a majority of

{111} facets, the product contained a majorityaokstilbene. Reproduced with permission fror @bpyright 2015 American Chemical
Society.

tions'%'8 Copper is slightly less conductive than silver, but it isontacts, and it increases (sheet resistance decreases) as the
more earth-abundant and less expensive. Thus, Cu is seen &yea fraction of na_npwires in th_ increases_. Ho_wever,_
alternative to Ag in many of the applications mentioneéncreased conductivity comes with a decline in optical
abové?® 23 transparency (transmittance), which decreases with increasing
A recent review by Ye and colleagues demonstrates nicegpowire area fraction. If the nanowires have a high aspect
why nanowires with high aspect ratios are &iaf8 Devices ~ 'atio (length-to-diameter ratio), then they can achieve many
that require optical transparency and high conductivity u&PNtacts at relatively low area fractions as well as high
thin Ims of nanowires in random orientations, as seen iHansparenc}I.lgure B shows the transmittance as a function

Figure A. The conductivity in suchms arises from nanowire of resistivity for networks of Cu nanowires wittreintL/ D
9 : y and for dierent materials, including carbon nanotubes (CNT)
and indium tin oxide (ITO), the most commonly used

A e sy B o transparent conductor. Here, we see both the transmittance
o g 1 T and conductivity improve for Cu nanowires as their aspect
= 954 F - a . .
= g8 |, . . ratio increases from 330 up to around 1860, and then these
800 £ w0l B properties level oWith su ciently long and thin Cu and Ag
2. s i nanowires, nanowirdms possess transmittance and sheet
LD 5 |0 v Gy resistance comparable to or better than those of ITO.
505 g3 ol o In this Feature Article, we will focus on understanding the
® 1 . syntheses of basic shapes of Cu and Ag nanocrystals. These
AW NN shapes are shownHFigure 3and include octahedra, truncated
eet Resistance (2 sq™)

octahedra, cuboctahedra, truncated cubes, and cubes, a

] ] _ _ continuum of shapes that can be observed as we change the
Figure 2.(A) Example images of Cu nanowire tins for two  garea fraction of {111} facets relative to {100} facets. We also
ansmitanceT) versus sheet resistance for notworks consising € WO Possible shapes for penta-twinned nanoWigsiin
Cu and Ag nanowires with elientL/D values and for dérent - Table 15“°W3 a survey of various solution-phase §yntheses
materials, including carbon nanotubes (CNT) and indium tin oxiddOr CU nanowires and nanocubes. Here, we see that it is almost
(ITO). (A) Reproduced with permission from2@fCopyright 2016  always the case that the precursor salt is a chloride, either CuCl
American Chemical Society. (B) Reproduced fron24rafith or CuCh. When Cu(OAg) salt was used as a precursor,
permission from The Royal Society of Chemistry. CTAC was introduced as a chlorine-containing surfactant.
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Table 2. Various Solution-Phase Syntheses for Silver
Nanowires and Nanoculdes

shapes metal salt additives medium ref
nanowire  AgNQ© PVP, NaBr, NaCl EG 33
AgNO, PVP, NaCl, P& EG 34
AgNG, CTAB, NaOH aqueous 35
AgNG, PVP w/and w/o EG 36
NaBr
AgNG; PVP, NaCl EG 37,38
AgNG; sodium citrate aqueous39
AgNG; sodium citrate, aqueous 40
NaOH
Figure 3. Various nanoshapes of interest in this work: (A) cube CECOOAg CTAC, FeGl aqueous 41
octahedron, (B) truncated octahedron, (C) cuboctahedron, (D) CFCOOAg PVP, NaHS, HCI EG 42
truncated cube, (E) cube, (F) penta-twinned Ino decahedron and CF,COOAg PVP, NaHS, HCI DEG 43
associated nanowire, and (G) penta-twinned Marks decahedron and AgNO, PVP. HCI EG 44
associated nanowire. Dark facets are fcc {100}, and light facets are fcc AgNO; PVP, NaBr EG 45
{111}, CFCOOAg, PVPw/and wio  EG 46
AgNO; HCI

Table 1. Various Solution-Phase Syntheses for Copper

. 2EG, ethylene glycol; DEG, diethylene glycol.
Nanowires and Nanoculigs y oy y i

shape metal salt additives medium ref THERMODYNAMICS AND KINETICS OF Ag
nanowire Cu(Ng, EDA NaOH, aqueous 25 26 NANOSTRUCTURES
CuCh alkylamines aqueous 27 29 . .
cuc CTAC NaOH, aqueous 30 Ag Cubes.In early synthetic studies of Ag nanocubes and

nanowires, these shapes were attributed to stronger binding of

c CTAB, HDA 22 .
u(acac) agueots PVP to {100} than to {111} facets of AgVe conrmed this
nanocube Cugl HDA aqueous 27 L . C .
c binding preference in oust-principles calculations based on
ucl OLA, TOP OLA + TOP 31 densitv-functional th DETIS Lat : tal
CuOAcy CTAC aqueous 32 ensity-functional theory ( .~ Later experimenta

o . . _studies by Xia and colleagues sought to quantify the role of
ZEDA, ethylenediamine; CTAC/CTAB, cetyltrlmethylammonlumPVP in determining the cubic shapes of Ag nanotﬁ@ktals.

?g%r'iﬁgbgt?,?;fgs;pmgg‘ , hexadecylamine; OLA, oleylamine; an(éhese studies, they began with initially cubic Ag seeds in EG
’ ' solution with PVP at two dirent concentrations, as indicated
in the scanning electron microscope (SEM) imagegiire 4
If they further grew the cubic seeds in a 2.5 mM PVP solution,
Similarly, when Cu(acagjas used as a salt, CTAB, which is athey continued to grow as cubes. If they continued to grow the

bromine-containing surfactant, was added. In almost all %c?eds In a 0'3. mM PVP solution, the cubes evolved to
%Jykipctahedra with further growth.

the;e cases, long-chain additives such as aIkyIamines, 0 e orts to understand the role of PVP, our group
amine, CTAC, and CTAB have been used as capping agepisrformed a series of molecular-dynamics (MD) simulation
An exception is the case for which Cu nanowires wergudies’ > based on our empirical metganic many-body
synthesized using Cu(N@ salt with the short linear force eld>® Though we reviewed this work previotisRwe
alkylamine EDA as a capping agent and no halide. For sudiscuss it here brig to provide a complete account of the

a synthetic condition, EDA inhibited the oxidation of Cu(111)-angmuir Lecture. We posed the question of whether the

. . 4 .
but not Cu(100), causing the selective deposition of copper {(1)anoslt(r_ucttl_1res then exzenmeptqlly iﬂ_é(lladyg(Fltgeure U
the {111} facets on the ends of nanowires. were kinetic or thermodynamic in origin. Owrts were

. . i o centered on applying the Wuonstruction illustrated in
Various solution-phase synthetic conditions for Ag nan?:lgure 5 PPlying struction TS !

wires and nanocubes are presentéalile 2 We note PVP is In the Wul construction; facets in an equilibrium crystal
a common capping agent in Ag nanocrystal synthesis. Also,3M@pe follow the relation

see that the case for the involvement of halide as a shape-,

directing agent is not as clear as for Cu, although chloride and— =

bromide are frequently present in such syntheses. i @)

A combination of theory and experiments is useful iRvhere ; is the interfacial free energy of fadet a crystal
understanding these systems. Unfortunately, no theoretiggbwn in solution, which is the liquilid interfacial free
method or experimental analysis can probe all aspects of thesergyh is the distance along a vector originating at the Wul
complex syntheses in an integrated way. However, bd@@int of the crystal that is normal to_fsh,camd _ is a constant.
theoretical and experimental studies can generate and tE&Ure Shows the Wuishapes predicted usatglfor an fcc .
hypotheses to lead to a deeper understanding of these syste Ss:tal_ that can have {100} and {111} facets. Here, we see if
Below, we will discuss how a synergy between theory a rat'0{111/{ 190 1/\8', the shape will be an octahedron.
experiments has led to a fundamental understanding of thdbgy13/( 190 ~3 . the shape will be a cube. Between these
shape-selective syntheses. two limits, a continuum of shapes occurs, ranging from the
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10 To predict thermodynamic equilibrium or kinetic crystal
shapes, we need to calculate ligotid interfacial free
energies or linear facet growth rates, respectively. We obtained
these using MD simulatiofis>>*° To calculate ;3 and
00p We developed a six-step, multischeme MD method based
on thermodynamic integratign® In our approach to
ascertaining kinetic Wuhapes, we equated the linear facet
growth rate for facétto the solution-phase Ag atoox to
faceti, which is tantamount to assuming that the inter-facet
surface dusion is negligible. This should be a reasonable
assumption for crystals of the sizes showigume 4 Using
MD-based umbrella sampling, we calculated the msgan
passage timé, for a solution-phase Ag atom at an
experimental concentration to wiie through EG-PVP
solution and through the PVP capping layer to the Ag(100)
and Ag(111) substrat€s?! The linear facet growth-rate ratio,
relevant to predicting the kinetic Wehage (cfeq 2, was
then taken a§{111}/ G{lOO} = tM,{lOO]/ tM,{lll]' 051

Figure Gshows the thermodynamic and kinetic \Atuhpes
predicted in our calculations with PVP 20mers in EG solvent.

2.5
® Y113/ Visooy
u G(m}/ Giao0)
w— 200 NmM 2
Figure 4.SEM images of Ag polyhedra grown in EG solution from
100 nm cubic Ag seeds in the presence d€YR.5 mM PVP10, 2
where the nal products are cubes, and A)0.3 mM PVP10, where % 1.5
the nal products are cubes (D), truncated octahedra (E), anc = [
cuboctahedra (F). PVP10 refers to a PVP polymer with a molecul ©
weight of approximately 10 000. Reproduced with permission from 1 &
46. Copyright 2012 American Chemical Society. g 1
i
=
| |
1/V3 V3 0
’7’{111}/’Y{100} OR G(lll}/G{IOO} vacuum-Ag EG-Ag PVP-EG-Ag PVP-EG-Ag

. . L (half layer)  (full layer)
Figure 5.Thermodynamic {111y {100 OF Kinetic Gyi11y Gpioop)

Wul shapes for an fcc crystal containing tvavetit types of facets: Figure 6.Ratio of liquid solid interfacial free energigs;/ (o0

{111} and {100}. {111} facets are light blue, and {100} facets argplue) and linear facet growth rat8g 1,y Guoo (Orange) for

dark blue. Ag(111) and Ag(100) facets in fouratient environments: vacuum,

EG solution, EG-PVP solution with half of an adsorbed PVP layer,

and EG-PVP solution with a full adsorbed PVP layer. Predicted Wul
ezﬂapes are shown for each set of conditions, with blue and orange

truncated octahedron to the cuboctahedron to the truncateghapes corresponding to the bars and with {100} facets shown darker

cube asg1y (100 @nd the fraction of%OO} facets increases.and {111} facets shown lighter. Adapted from data BOrafsi52

There is also a kinetic Wualonstruction'® that is analogous

to eq 1 Kinetic Wul shapes are dictated by the linear facetr; the thermodynamic Wtshape calculations, shown in

growth rates, which for facés G, such that blue, the ratio of liquidsolid interfacial free energieBigure
h _ 6 is constant and independent of the EG-PVP solution
a - @ environment. For all of the drent environments, the
predicted thermodynamic shape is a truncated octahedron.

The linear facet growth rate is the rate of growth normal tdhe kinetic Wul shapes ifrigure 6show more sensitivity to
faceti and can be viewed in terms of the accumulation othe EG-PVP solution environment. The predicted shape is a
atoms on facét It is important to recognize that when atomstruncated octahedron in EG solution without PVP, a
accumulate on facetthey increase the area of the facetscuboctahedron in EG solution with half a layer of adsorbed
adjacent ta. As we see iRigure Swe can simply substitute PVP, and a truncated cube in EG solution with a full layer of
the ratio of linear facet growth rates for the ratio of interfaciadsorbed PVP. For the kinetic shapes, we found two factors
free energies to predict kinetic WaHapes. contributed to the linear-facet growth-rate Taticrirst, the
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Figure 7.SEM images of Ag nanocrystals synthesized with 3 myaHN@\) 0.03 mM NacCl, (B) 0.3 mM NacCl, and (C) 3 mM NacCl. In (D),
we show the surface energie$ Ag(100) and Ag(111) for dérent surface coverages of Cl as a function of the solution-pluhseni@al
potential . Colored lines indicate the minimuom each surface. Wshapes are shown for several valugs.dthe vertical red line ag, =
2.68 eV denotes where the formation of bulk AgCl is thermodynamically favored over Ag surfaces containing adsorbed chlorine. Adapted w
permission from réi. Copyright 2019 American Chemical Society.

stronger binding of PVP to Ag(100) leads to a larger freezoncentration of NaCl was 0.03 mM, whereas with the
energy barrier for Ag atoms to reach the Ag(100) surfacaddition of 0.3 mM NacCl, truncated cubes fornfeglu(e
Second, a more extended PVP layer on Ag(111), due to ifB). As shown ifrigure T, Ag nanocubes formed with the
weaker binding on this surface, leads to Ag atom trappirgidition of 3 mM NaCl. Thus, the increase in ClI
above the surface and promotesto Ag(111). Though the concentration led to a shageolution from truncated
PVP oligomers in our calculations are smaller than those in thetahedra to cuboctahedra, truncated cubes, and eventually
experiment (20 repeat units in our calculations vs 100 repeaibes.
units for the PVP in the experimentSigure 4, the polymers To probe the role of Cin dictating Ag nanocrystal shapes,
should exhibit the same features as we observe here becavsearried out ab initio thermodynamics calculations to obtain
the interaction of the repeat units with the substrate is similahe surface energies of Cl-covered Ag facets for various
The kinetic Wul shapes are consistent with the experimentaolution-phase chloride chemical potentialdn Figure D,
results shown iRigure 4and indicate the PVP-covered cubeswe plot the surface energy of Ag(100) and Ag(111) as a
are kinetic shapes. We note that subsequent to this studynction of ¢, . Predicted Wulshapes are shown for selected
Chen and colleagues measured equilibrium isotherms for Pv@lues of ;. As ¢ increases, the area fraction of Ag(100)
adsorption to Ag(100) and Ag(111) in EG solt&ithey facets also increases, and the hape becomes more cubic,
also concluded PVP-covered Ag cubes in EG solution arensistent with the experimental observation that Ag nano-
kinetic structures. crystal shapes evolve from truncated octahedra to cubes with
Though cubic shapes can occur for Ag cubes in EG-P\MRcreasing Cl concentration. These results indicate a
solution,Table 2indicates chloride is a common additive inthermodynamic tendency for Ag nanocubes to form in the
the synthesis of Ag cubes. What is the role of chloride? Twesence of adsorbed chlorine/solution-phase chloride.
understand this role, we performed a joint experimental Thus, our calculations indicate the thermodynamics of PVP
theoretical study.Experimentally, we probed the synthesis ofadsorption alone would not lead to cubes. On the other hand,
Ag nanocrystals in EG-PVPluson containing various Figure 6shows that PVP alone could lead to kinetic Wul
additives. These experiments indicated the importance of Glhapes that are truncated cubes. Our study of tiemde of
in establishing cubic crystal shapes and the importarice of gblution-phase chloride shows if the concentration @ Cl
in promoting a monodisperse shape distribution consisting bigh enough (the surface coverage of adsorbed Cl is around 0.5
only cubes. The role of Wvas presumably to etch the initial ML) then Cl has the capacity to produce thermodynamic cubic
seeds as they formed and prevent the formation of twinnesthapes.
nanowires. Ag Nanowires. A common hypothesis for penta-twinned
By adding both HN@(at 3 mM for the H) and NaCl (for Ag nanowire formation is the capping agent binds selectively to
the Cl) in addition to PVP to the synthesis, we could form a{100} on the nanowire sides, leaving the {111} ends free for
series of single-crystal shapes, as shoWwigure 7 We metal-atom additid.Our studies indicate that this is unlikely
observed cuboctahedra, as showhignre A, when the  to be the case for Ag nanowifé$ As we see iRigure 6the
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ux ratioGy 11y G0y We predict is sucient to grow cubes, multiscale calculations involving MD simulations, calculations
but theoretical estimates indicate that a s@mly larger  of di usion barriers and hopping rates, and, ultimately, the
ratio, around 120, is required to grow nanowires with an aspéetorporation of the hopping rates into calculations based on
ratio of around 100.Moreover, Ag nanowires can grow underthe theory of absorbing Markov cHid€ designed to
vapor-phase conditions devoid of any special addftives, predict the inter-facet meamst-passage time. The MD
which seems to indicate that some spdeature of the simulations and hopping-rate calculations were performed
material or seed structure leads to one-dimensional growthuliing the LAMMPS packageith an empirical embedded-
has been observed that nanowires grown in the absenceatdm method (EAM) potential for Ag.From the MD
solution-phase halide do not achieve aspect ratios as highsesulations, we learned that aggregation on the {111} end
those in the presence of haffti@hus, it seems the basic facets occurred within nanoseconds, a time scale that proved to
mechanism of nanowire growth does not depend on arye much faster than the aggregation time on the {100} facets
particular solution-phase additive, though such additives nfay a seed of this size. Once a modest aggregate (i.e., a dimer)
in uence facet growth rates. formed on the {111} end facets, the barrier for an atom to
In an eort to quantify the growth mechanism of Ag break away was large, as we elaborate below. Although the
nanowires, we considered theusipn of Ag atoms on the rapid aggregation on the {111} facets is a consequence of the
surfaces of nanowire seedsl dhe possibility their rapid diusion on these facets, we found the most probable
accumulation on the {111} facets could lead to the growtlocations for the aggregates were at the twin edges of these
of the seeds into nanowires. In this analysis, we do not accofextets and at the {111}/{110} facet boundaries due to the
for how penta-twinned seeds form initially, which isstrain distribution on the nanowire ends.
presumab!ly due to a lack of oxidative etching during seedWe calculated dision-energy barriers using the climbing-
formatior? Penta-twinned nanowires grow from decahedramage nudged elastic band metfiods implemented in
seeds that are almost always schematically depicted as shomdMPS. Overall, we calculated 32mdint di usion barriers
in Figure B. Such seeds possess strain because the 5-f¢ld forward and 16 reverse) for adatom hopping on the {100},
structure is not spacking (e.g., re65 and closure of the {111}, and {110} facets as well as in the notch and for
small gap among thee sections creates a complex straindi usion between these elient facets. The hopping rate for a
eld®® However, our calculations indicate that a Marks-likeli usion barrieE; is given by
Dh, similar to that shown iRigure &, is energetically
favored! The inset toFigure 8shows a picture of our r= Oepo%i

®)

where , is the pre-exponential factor, which we took tg be
= 108 s 1. A key rate with relevance to nanowire growth is
di usion in the {111} notch, which has a relatively low
di usion barrier of 0.16 eV. This low barrier, combined with
the rapid aggregation on {111} facets and étst ®f slowing
{111} di usion, is important in promoting nanowire growth.
As for aggregation on the {111} facets, the notch forms as a
consequence of strain and functions“asper highwayto
channel atoms from the nanowire sides to the ends. With a
knowledge of hopping rates between various facets, we could
calculate linear-facet growth r&es

The linear-facet growth rates of the end {111} and the side
{100} facets are given by the accumulation of atoms on those
facets by

dN; g9 .
at = Giog = Tdep, 00" R pe1 3 108 Ry 100 pu

(4)

Figure 8. MFPT for an atom to transit from {100} to {111}
taooy 11y @s a function of the nanowire length (lower axis) andand
_?_ipe_ct rattig (u_p;t)e; r<131xis) f(()jr a consttant n?ﬂ?ﬂf}dfiam?mr%h' - dNy 5
€ Inset depicts the see eometry, wi acets In aar ue, = = +
{100} facets |Fr)1 aqua, and {1£1;O} facetys in green. Adapted from datain  df qlu fdep, 11 R 300 } 1§{ I}?{ 1 100
ref6L (5)
Wherer e, 1100y @Nd I4ep (1113 @re the deposition rates on the
predicted nanowire seed structure. In addition to possessii0} and {111} facets, respectivBlyi; {100} IS the net rate
{111} end facets, {100} side facets, and {I‘hbfches at which atoms on the {111} facetusie to the {100} facet,
running along the nanowire length, these seeds/nanowirasdR; o (1113 IS the net rate at which atoms on the {100}
possess {110Jsteps leading from the notches to the end facet diuse to the {111} facet. The total deposition ratg,is
facets. The Marks-like structure relieves some of the straimge, 1001+ aep1113 @Nd it can be obtained from experiment.
associated with the 5-fold structure and has a lower surfagesurvey of the literature indicatgsis around 10 10t s Y,
area-to-volume ratio compared to related shapes. considering various experiments run for just Ag and solution-
We considered the role of surfaceision in nanowire phase additives other than those containifg’Cin our
growth beginning with the seed structuFds%'nre oraseed work, we used the theory of absorbing Markov chains to
with a diameter of approximately 28 °hriThese were calculatéRyogp {1113 aNdR4113 {100p
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To perform our calculations, we make a map containing atoms deposited on the sidesisié to the notches, where they
sites on the {111} and {100} facets of an Ag nanowire. For eapidly transit to the nanowire ends.
{100} facet, this map consists of all of the {100} binding sites, To predict nanowire lengths/aspect ratios, we note nano-
the {111} notch sites, the {110} sites, and the {111} sites omwires will grow to a length at which the deposition rate exceeds
the border between the {100} and {111} facets. For a {111}he inter-facet transport ratgefoo; Ruiooy {111y After
facet, this consists of all of the {111} end-facet sites, the {11@anowires reach this length, accumulation occurs on the {100}
sites, and the {100} and notch sides on the border betwedacets and the wires thicken. Considering thergeaf00}
{111} and {100}. For both facets, the border sites are taken a#de facets on the nanowires, we predict nanowires with aspect
absorbing states, and all the rest of the sites are consideredatiios of around 480, which falls in the experimental
be transient states. The atoms in transient states can transitange’*
other states, while atoms in absorbing states cannot transit; the
absorbing state is aal state. We can then construct a THERMODYNAMICS AND KINETICS OF Cu
transition matriA for each facet, the elements of which are NANOSTRUCTURES

given by As we see aboveTable ] chloride is present in nearly every
ifi= synthesis of Cu nanowires and nanocubes. However, capping
fi 111 =) agents are also present, and prior to our work, the prevailing
Ay = gk hypothesis was that the additive molecul&éshle 1bound
i dfi ©) selectively to Cu(100), which promoted the addition of Cu

atoms to the {111} ends of the witegure 9which is from
for all sites andj, wherey is the rate for an atom to hop from the work of Yang and colleagues, illustrates this idea for their
sitei to sitek, which takes the form giverem 3 study of the growth of Cu nanowires from CuCl in oleylamine
We construct Markov matkikfromA. The Markov matrix ~ (OLA) solution’*
has the form

M= EoTi 7)

For Nt transient states arid, absorbing states,is the
identity matrix with dimensions Nf x N, O is the null
matrix with dimensions Nf, x Ny, R is the recurrent matrix
with dimensions & x N,, andT is the transient matrix with
dimensions oN; x N;. R contains information on the
transitions from transient states to absorbing state$, and
describes the transitions between transient statesgDe=

A; 1, the elements & andT are given by

Rj =1 (8)
and
ifi = j
T = e Figure 9.Proposed growth mechanism for Cu nanowires. (A) Front
j i ifi ] 9) view of penta-twinned seeds showing the {111} facets. (B) Side view

) o ) of penta-twinned seeds showing the {100} facets. (C) Seeds grow to
The meanrst-passage tiyg and the probabilities of ending nanowires because OLA adsorbs preferentially on the {100} side

in di erent absorbing stafgs; can be obtained from facets, allowing Cu atoms to deposit preferentially on the {111} facets.
T < &1 Reproduced with permission from7eefCopyright 2014 American
tw=p (1ST)™ (10)  Chemical Society.
and
Ry = pg (1 ST)5R (11) Cu Nanowires.We considered the growth of Cu nanowires

in aqueous solution containing hexadecylamine (HDA) as a
wherep] is the transpose of the initial occupancy vector of theapping agent. Two érent types of experiments were
transient states. performed: synthesis experiments and electrochemical experi-
We calculatedty;op; (1113 and tui13 ogp USiNgeq 10 ments on single-crystal electrodes. In the synthesis experi-
For wires of a constant diameter (= 28 nm), we foundments, with SEM images depictdddgnire 1pwe found when
11y ooy = 0.4555 s.tyoqp 113 is a function of the  CuCl is the salt, nanowires fornrigure 18). When
nanowire length and is shownFigure 8 Here, we see Cu(NOj), salt is used as the source of Cu, nanowires do
taoop (1113 11y ooy » Which meansRog 111 not form (Figure 1B). However, nanowires form when
Raoo {r1p Takingtgep = gep 1=10%s, we see it is on the Cu(NOy), is the salt and NaCl is addddgure 1C).*° In
order of t;;00; (1113 - Considering the rangations of this for  this latter case, the synthesized morphology is a function of the
egs 4and 5 and noting thaR = ty; ', we haveG; oo = NacCl (CI') concentration: if the Cloncentration is too low,
ldepqio0p  Raooy 1y 0 andGyagy = Tep 113+ Fdep100p= then spherical nanoparticles foFigre 1B), and if the CI
leep Thus, our calculations predict Ag atoms deposited on ttencentration is too high, then the nanowires achieve a
nanowire ends rapidly aggregate and accumulate there whiteuniform cross-section, with javelin-like sfrapémo-
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both Cu(100) and Cu(111) if no solution-phase chloride is
present® '’ This is not consistent with the picture presented
in Figure 9which depicts the hypothesis that OLA, a similar
molecule, exhibits highly selective binding to Cu(100) facets.
We considered a possible synergistic interaction between
chloride and HDA in promoting the growth of Cu nanowires.

To do this, we used DFT-based ab initio thermodynamics to

Figure 10.SEM images of Cu nanostructures synthesized from (A), ~.. ! .
CuCh, (B) Cu(NO,),, and (C) Cu(NQ), with NaCl in the presence aelmeate the range of solution-phasea@ HDA chemical

of HDA and ascorbic acid. Reproduced with permission frafn ref Potentials for which various surface environments are expected,
Copyright 2018 American Chemical Society. based on coadsorption structures of Cl and HDA on Cu
surfaces. We constructed a phase diagram by identifying
various unique chemical-potential regions of surfaage con
BFations on the two surfaéégigure 1%hows a portion of

IIIIa's phase diagram that is relevant to experimental nanowire

wires with high aspect ratios form over an intermediate ran
of Cl concentrations=jgure 1Q).

Electrochemical experiments on single-crystal Cu(111) al
Cu(100) surfaces indicate there is littlemince in the rates growth.

at which Cu ions are reduced on the two Cu surfaces at low>"C€. the concentration of HDA is a constantﬁég_the
concentrations of Clboth reduction rates are low @fjure synthesis experiments with various chloride concentrations,

11A).2° At intermediate Clconcentrations, where nanowires V& nd a region of HDA chemical potentials consistent with

are observed, the rate of Cu ion reduction is larger on Cu(11 £yPerimental observations, as shoiigime 12In particular,
than on Cu(100): this is the region enclosed by the dotted lin&/® €Xpect to observe nanowire formation farisutly high
in Figure 1A. High Cu ion reduction rates occurred on both  Hpa- Figure 1B,C shows the predicted surface gon
surfaces at high chloride concentrations, where the wires takations of Cl (coverage of 0.33 ML) and HDA [0.33 ML on
on javelin-like shapes. Thus, experiments identify that chlorig¢!(100) and 0 ML on Cu(111)] in one of the regions where
is needed for the growth of Cu nanowires, its concentratiole predict wires will form dfigure 12We associate these
has to fall within a certain window for nanowire growth tgcon gurations with the region enclosed by the dotted line in
occur, and the resulting morphology can be connected tbe experimental electrochemical resuftgyime 1A. Here,
reduction rates observed in single-crystal electrochemit¢g¢ see HDA is chemisorbed to Cu(100). In our DFT
experiments. To address these results, we ustgrinciples  calculations, which are performed at 0 K, there is a weakly
DFT calculations. physisorbed HDA layer above Cu(111). At tinite

Our DFT calculations indicate in the absence of adsorbddmperatures of the experiments, such a layer would be too
Cl, HDA forms self-assembled monolayers (SAMs) that covereakly bound to remain near the surface. Moreover, the HDA

Figure 11.(A) Experimental current densities at the mixed potgptfar Cu(100) and Cu(111) as a function of the solution-phase chloride

concentration. (B and C) Side and top (showing Cl and N only) views of optimized binding conformations of Cl and HDA at Cl coverages of (B)
0.33 ML on Cu(100) and (C) 0.33 ML on Cu(111) (brown, Cu; dark blue, chemisorbed N; light blue, physisorbed N; green, ClI; gray, C; and

white, H). Reproduced with permission fron29e€opyright 2018 American Chemical Society.
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Figure 12.Phase diagram indicating HDA (p,) and chloride
( o) chemical potentials for which various surface environments
occur. We predict solid CuCl will form fgr 2.43 eV. Adapted

from the data in ref7. . ) .
Figure 13.Ratios of the surface energies of Cu(111) to Cu(100)

. o ) ) ( 11y ooy, given by the scale bar, as a function of the HDA
aggregate would gain entropy by existing in solution as¢a ,,,) and chloride () chemical potentials. For the largest
micelle. Thus, our calculations predict there is a narrow regioalues of ;1Y (100, We predict cubic nanocrystals (alsd-gpee
of solution-phase chloride concentrations for which HDA i§), as seen in the experiment. The inset depicts SEM images of Cu
chemically adsorbed to Cu(100) and physically adsorbed t@nocubes, reproduced with permission frobT.rébpyright 2011
(or absent from) Cu(111). For lower chloride concentrationsWiley Publishing.

HDA is chemisorbed to both surfaces, and there is low
electrochemical activity on both surfac&sgime 1A. Also, on the seed structure, which agrees well with experimental
for higher chloride concentrations (higher cf.,Figure 1), observatiorfs.
HDA is weakly physisorbed (or not adsorbed) on both
surfaces, and experimenigy(re 1A) indicate similar CONCLUSIONS
electrochemical activity on both surfaces. In this feature article, we discussed several instances for which
Thus, a synergistic interaction between adsorbed Cl amdultiscale theory and simulations based rstaprinciples
linear alkylamines creates a situation in which the HDA SAMM-T were useful in uncovering the intertwinedeinces of
fully protect the sides of a penta-twinned Cu nanowire frorkinetics and thermodynamics on the growth of Ag and Cu
Cu atom addition while weakly bound HDA (or no HDA at nanowires and nanocubes. We saw how relatively modest
all) at the ends leaves them free for growth. Future studie$ erences in the binding of PVP to Ag(100) and Ag(111)
could examine how to exploit this mechanism or how it migtgurfaces were scient to produce Ag nanocubes based on
work in conjunction with other chemical additives (fordeposition kinetics with limited inter-facetsion for large
example, ¢ to optimize the morphology in Cu nanowire cubes®* The addition of chloride to the synthesis, however,
growth. could promote thermodynamic cubic shH&p@s. the other
Cu Cubes. Penta-twinned nanowires grow as kinetichand, our calculations indicate that Ag nanowires achieve high
structures from decahedral séédk.the initial seed is a aspect ratios as a consequence of Ag atom surdaindin
single crystal, then single-crystal structures will form. Fomnowires that grow from Marks-like decahedrafSeeds.
example, Jin et al. synthesized HDA-protected Cu nanocube®Ve found Cu nanowire growth is enhanced in the presence
beginning with single-crystal seeds, which formed for relatively solution-phase chloride because for certain intermediate,
low HDA concentrations, likely due to a lack of HDAsolution-phase chloride concentrations we achieve the
protection from the oxidative etching of these strutfures.situation in which Cu(100) is completely covered by
Usingeq 1 we predicted Wukhapes for single crystals basedchemisorbed HDA SAMS while HDA is weakly physisorbed
on their surface energiésyure 13shows (111 (100 @S @ to Cu(111). This will promote a highix of Cu ions to the
function of the chloride and HDA chemical potentials fomanowire ends, with virtually nex to the nanowire sides,
represent the full range of conditions probed in ousimilar to the cartoon depictedHigure Sut di erent in the
studies?®’’ For the regions that lead to the growth of Cu essential way that both chloride and HDA are needed for this
nanowires from penta-twinned seeds (the two rightmostcenario to occaf!’ In addition to this kinetic driving force,
regions inFigure 1p we predicted cubic shapes consistentwe also nd the thermodynamic driving force at which the
with those seen in experimental studies of Cu nanoculsairface energy of chlorine- and HDA-covered Cu(100)
growth?’ As we see iigure 12{100} facets are passivated becomes lower than that of chlorine- and HDA-covered
by HDA, while {111} surfaces are unprotected in thes€u(111). If growth commences from single-crystal seeds, then
regions. Hence, in addition to the thermodynamic driving foroge predict cubic Wukhapes will grow under solution-phase
to grow nanocubes, there is a kineteztethat arises from conditions similar to those that favor wire growth from penta-
enhanced Cu iorux to the {111} facets and hinderect to twinned seeds.
the {100} facets. This kinetic beneould lead to the Thus, much progress has been made in understanding the
formation of “pointy cubes when truncated cubes are kinetic and thermodynamic origins of metal nanocrystal shapes
predicted on the basis of thermodynamics. Thus, our DFthat grow given an initial seed. For every system that we
calculations predict either cube or wire formation, dependingvestigated, there were possible kinetic origins fonahe

4427 https://doi.org/10.1021/acs.langmuir.1c00384
Langmuir2021, 37, 44194431


https://pubs.acs.org/doi/10.1021/acs.langmuir.1c00384?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.1c00384?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.1c00384?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.1c00384?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.1c00384?fig=fig13&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.1c00384?fig=fig13&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.1c00384?fig=fig13&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.1c00384?fig=fig13&ref=pdf
pubs.acs.org/Langmuir?ref=pdf
https://doi.org/10.1021/acs.langmuir.1c00384?rel=cite-as&ref=PDF&jav=VoR

Langmuir pubs.acs.org/Langmuir Invited Feature Article

shapes. However, most of the shapes could have bathiversity of Pennsylvania and a Ph.D. in chemical engineering from
thermodynamic and kinetic origins, depending on the synthegig University of Michigan. She spent 1 year as an IBM Postdoctoral
conditions. These results highlight the signi role of  Fellow at the University of California at Santa Barbara before joining
kinetics, even at such small sizes, whergiati lengths are  pennsylvania State University. Professor Fickthesearch is

relatively small and we might expect facile restructuring of tEﬂmarily in multiscale materials simulation, in which she develops
nanocrystals to achieve thermodynamic shapes. It is likely thal applies theoretical techniques ranging from quantum density

kinetics is important at even smaller sizes than those for th@\ctional theory to molecular dynamics, Monte Carlo methods, and
structures investigated here, at sizes relevant to the seeds fgflinyum theories to a diverse array of fundamental problems
which these various shapes were grown. Acaignfuture involving uid solid interfaces.

challenge is understanding how seeds transform as they grow ) ) _ o o

to assume theirnal shapes and how this might be Zihao Chen received his B.Sc. from Tian University, China, in 2014

Controuedz_o Synergy between theory and experiment Cou|@.nd his M.Sc. from Carnegie Mellon University in 2015, both in

lead to signcant progress on this topic. chemical engineering. He is currently pursuing a Ph.D. in chemical
engineering at the Pennsylvania State University under the super-

AUTHOR INFORMATION vision of Professor Kristen Fichthorn. His current research focuses on
Corresponding Author using various theoretical approaches to investigate interfacial

Kristen A. Fichthorn Department of Chemical Engineeringhenomena in shape-controlled nanocrystal syntheses to understand
and Department of Physics, The Pennsylvania State the growth mechanisms.
University, University Park, Pennsylvania 16802, UniteGnifeng Chen is a senior product engineer at Lam Research working

State_5_§ orcid.org/0000-0002-4256-714X on developing next-generation cutting-edge dielectric etch products
Email: chthorn@psu.edu for 3D NANA applications. He received a B.S. in chemical
Authors engineering from the Dalian University of Technology in China.

Zihao Chen Department of Chemical Engineering, The Then he came to the United States amshed his Ph.D. in chemical
Pennsylvania State University, University Park, Pennsyﬁ/ﬁiﬂfe“ng from the Pennsylvania State University under Professor
16802, United States Robert M. Rioux. During his Ph.D., he focused on the fundamental

Zhifeng Chen Department of Chemical Engineering, Theaunderstanding of the shape-controlled mechanism of silver nano-
Pennsylvania State University, University Park, PennsyRaiticle growth through experimental synthesis and theoretical
16802, United States understanding in collaboration with Professor Kristen Fichthorn at

Robert M. Rioux Department of Chemical Engineering arie Pennsylvania State University. After graduation, he joined Lam
Department of Chemistry, The Pennsylvania State Unive®siigarch to bring his nanomaterial experience to the semiconductor
University Park, Pennsylvania 16802, United States; industry.

M OanIg.Or:?(/?rgogoogifonltgfgizmi irv. Duke Univer i,[Robert M. Rioux is the Friedrich G. teeich Professor of Chemical
yung Ju epariment o emistry, bu e. ers Ehgineering and a professor of chemistry at the Pennsylvania State
Durham, North Carolina 27708, United States; Departn;gn

of Applied Chemistry, Kyung Hee University, Yongin 1 B ersity. He received a B.S. in chemical engineering from Worcester

Republic of Kore ‘.;or(;id.0rg/0000-0002-9056’-4904 olyfechnic_ Institute, an M.S. in chemical engineering from the
Benjamin J. Wiley Department of Chemistry, Duke Pennsylvania State University, and a Ph.D. in physical chemistry from

University, Durham, North Carolina 27708, United Staté@? University of California, Berkeley. His postdoctoral studies were

orcid.org/0000-0002-1314-6223 conducted in the Department of Chemistry and Chemical Biology at

Harvard University. His research group works in two primary areas:
active site design in heterogeneous catalysis and the development of a
mechanistic understanding of nanostructure synthesis.

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.langmuir.1c00384

Notes Myung Jun Kim is an assistant professor in the Department of Applied
The authors declare no competingncial interest. Chemistry at Kyung Hee University. He received his B.S. in 2007 and
Biographies his Ph.D. in 2013 (with Professor Jae Jeong Kim) in chemical and

biological engineering from Seoul National University. He was a
postdoctoral researcher in the School of Chemical and Biological
Engineering at Seoul National University from 2013 to 2015 and at
Duke University (with Professor Benjamin J. Wiley) from 2016 to
2020. His current research focuses on the growth mechanism of metal
nanocrystals, the applications of metal nanocrystals to electrochemical
engineering, and metal and alloy electrochemical deposition.

Benjamin J. Wiley is a professor in the Department of Chemistry at
Duke University. He received his B.S. in chemical engineering from
the University of Minnesota in 2003 and his Ph.D. in chemical
engineering from the University of Washington, Seattle in 2007. From
2007 to 2009, he was a postdoctoral fellow at Harvard University.
Professor Wiléy research has focused on understanding the
Kristen A. Fichthorn is the Merrell Fenske Professor of Chemicfiindamental surface chemistry that results in the growth of metal
Engineering and a professor of physics at the Pennsylvania Stzeostructures and understanding the struphangerty relation-
University. She received a B.S. in chemical engineering from thleips of nanowire networks across a variety of applications.

4428 https://doi.org/10.1021/acs.langmuir.1c00384
Langmuir2021, 37, 44194431


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kristen+A.+Fichthorn"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0002-4256-714X
mailto:fichthorn@psu.edu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zihao+Chen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zhifeng+Chen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Robert+M.+Rioux"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0002-6019-0032
http://orcid.org/0000-0002-6019-0032
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Myung+Jun+Kim"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0002-9056-4904
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Benjamin+J.+Wiley"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0002-1314-6223
http://orcid.org/0000-0002-1314-6223
https://pubs.acs.org/doi/10.1021/acs.langmuir.1c00384?ref=pdf
pubs.acs.org/Langmuir?ref=pdf
https://doi.org/10.1021/acs.langmuir.1c00384?rel=cite-as&ref=PDF&jav=VoR

Langmuir pubs.acs.org/Langmuir Invited Feature Article

ACKNOWLEDGMENTS (17) Lin, S.; Wang, H.; Wu, F.; Wang, Q.; Bai, X.; Zu, D.; Song, J.;

. . Wang, D.; Liu, Z.; Li, Z.; Tao, N.; Huang, K.; Lei, M.; Li, B.; Wu, H.
Th'S, work is fundgd by the Department ,Of E“Efgﬁ,ﬁ,@’f Room-Temperature Production of Silvgr-Nanofiber Film for Large-
Basic Energy Sciences, Materials Science Division (graiéa Transparent and Flexible Surface Electromagnetic Interference
acknowledges training pomd by the Computational (18) Vi, F.; Zhang, Z.; Kang, Z.; Liao, Q.; Zhang, Y. Recent
Materials Education and Training (COMET) NSF Researcldvances in Triboelectric Nanogenerator-Based Health Monitoring.
Traineeship (DGE-1449785). This work was supported bgdv. Funct. Mat@019 29 (41), 1808849.

NSF grant nos. CHE-1808108 and DMR-1253534 (M.J.K. anél9) Gawande, M. B.; Goswami, A.; Felpin, F.-X.; Asefa, T.; Huang,
B.J.W.). This work was also supported by a National ReseafthSilva, R.; Zou, X.; Zboril, R.; Varma, R. S. Cu and Cu-Based
Foundation of Korea (NRF) grant funded by the KoreanNanopartches: Synthesis and Applications in Cat@lysia. Rev.

_ 2016 116(6), 3722 3811.
government (MSIT; NRF-2021R1C1C1009692 to M.J.K.). (20? Ye, (s) Stewart, I. E.; Chen, Z.: Li, B.; Rathmell, A. R.; Wiley, B.

J. How Copper Nanowires Grow and How to Control Their
REFERENCES PropertiesAcc. Chem. R2816 49 (3), 442 451.

(1) Strasser, P.; Gliech, M.; Kuehl, S.; Moeller, T. Electrochemicém) _GUO' Z.; sun, C.; Zhao, J; Cai, Z C_Se, F. Low—Vo_Itage
Processes on Solid Shaped Nanoparticles with DefinedJracets. ectnc_al Heater Based on _On(_e-St_ep Fabrication O.f Conductive Cu
Soc. Reg018 47 (3), 715 735. Nanowire Networks for Application in Wearable DexidesMater.

(2) Mitchell, S.; Qin, R.; Zheng, N.: Pérez-Ramirez, J. Nanoscdfgerfaces02], 8 2001695. ) )
Engineering of Catalytic Materials for Sustainable Technblagies.  (22) Zhang, D.; Wang, R.; Wen, M.; Weng, D.; Cui, X.; Sun, J.; Li,
Nanotechnd021 16, 129 139. H.; Lu, Y. Synthesis of Ultralong Copper Nanowires for High-

(3) Santana, J. S.; Skrabalak, S. E. Continuous Flow Routes towBfiformance Transparent Electrodlem. Chem. S@612 134
Designer Metal NanocatalyAtv. Energy Mat202Q 10, 1902051. (35), 14283 14286. .

(4) Navlani-Garcia, M.; Salinas-Torres, D.; Mori, K.; Kuwahara, Y.{(23) Y&, S.; Rathmell, A. R.; Chen, Z.; Stewart, |. E.; Wiley, B. J.
Yamashita, H. Tailoring the Size and Shape of Colloidal Noble Mefdetal Nanowire Networks: The next Generation of Transparent
Nanocrystals as a Valuable Tool in Cataatisl. Surv. As2919 ConductorsAdv. Mate2014 26 (39), 6670 6687.

23 127 148. (24) Ye, S.; Rathmell, A. R.; Stewart, |. E.; Ha, Y.-C. C.; Wilson, A.
(5) Zhou, K.; Li, Y. Catalysis Based on Nanocrystals with WelfR- Chen, Z;; Wiley, B. J. A Rapid Synthesis of High Aspect Ratio
Defined Facet&ngew. Chem., Int. E@il2 51, 602 613. Copper Nanowires for High-Performance Transparent Conducting
(6) Xiao, L.; Zhuang, L.; Liu, Y.; Lu, J.; Abrun, D. Activating Pd byrilms.Chem. Commu2014 50 (20), 2562 2564. _
Morphology Tailoring for Oxygen Reductiodm. Chem. S2@09 (25) Kim, M. J.; Flowers, P. F.; Stewart, I E; Ye, S.; Baek, S.; Kim, J.
131(28), 602 608. J.; Wiley, B. J. Ethylenediamine Promotes Cu Nanowire Growth by
(7) Lee, |.; Delbecq, F.; Morales, R.; Albiter, M. A.; Zaera, F. Tuninthibiting Oxidation of Cu(111J. Am. Chem. S017 139(1),
Selectivity in Catalysis by Controlling Particle SNapeMater. 77 284. _
2009 8, 132 138. (26) Chang, Y.; Lye, M. L.; Zeng, H. C. Large-Scale Synthesis of

(8) An, K.; Somorjai, G. A. Size and Shape Control of MetaHigh-Quality Ultralong Copper Nanowitesngmui2005 21 (9),

Nanoparticles for Reaction Selectivity in CataBfsisnCatChem 3746 3743. . .
2012 4, 1512 1524. (27) Jin, M.; He, G.; Zhang, H.; Zeng, J.; Xie, Z.; Xia, Y. Shape-

(9) Xiao, B.; Niu, Z.; Wang, Y.-G.; Jia, W.; Shang, J.; Zhang, LGontrolled Synthesis of Copper Nanocrystals in an Aqueous Solution
Wang, D.; Fu, Y.; Zeng, J.; He, W. Copper Nanocrystal Plane Eff#dth Glucose as a Reducing Agent and Hexadecylamine as a Capping
on Stereoselectivity of Catalytic Deoxygenation of Aromatic EpoxidéglentAngew. Chem., Int. Hofl1, 50 (45), 10560 10564.

J. Am. Chem. Sp@15 137(11), 3791 3794. (28) Kim, M. J.; Alvarez, S.; Yan, T.; Tadepalli, V.; Fichthorn, K. A,;
(10) van de Groep, J.; Spinelli, P.; Polman, A. TransparetWiley, B. J. Modulating the Growth Rate, Aspect Ratio, and Yield of
Conducting Silver Nanowire Netwoikano Lett2012 12, 3138 Copper Nanowires with Alkylaminésem. Mate2018 30 (8),

3144. 2809 2818.

(11) Hong, S.; Lee, H.; Lee, J.; Kwon, J.; Han, S. Highly Stretchabl&9) Kim, M. J. M. J. M. J.; Alvarez, S.; Chen, Z.; Fichthorn, K. A. K.
and Transparent Metal Nanowire Heater for Wearable Electroniés; Wiley, B. J. B. J. B. J. Single-Crystal Electrochemistry Reveals Why
ApplicationsAdv. Materr015 27, 4744 4751. Metal Nanowires Grow. Am. Chem. Sp@18 140 (44), 14740

(12) Madaria, A. R.; Kumar, A.; Zhou, C. Large Scale, Highl\t4746.

Conductive and Patterned Transparent Films of Silver Nanowires of80) Xu, S.; Sun, X.; Ye, H.; You, T.; Song, X.; Sun, S. Selective
Arbitrary Substrates Ardianotechnolo@@11, 22, 245201. Synthesis of Copper Nanoplates and Nanowires via a Surfactant-

(13) Zhu, Y.; Deng, Y.; Yi, P.; Peng, L.; Lai, X.; Lin, Z. Flexibléssisted Hydrothermal Procésater. Chem. Ph281Q 12Q 1 5.
Transparent Electrodes Based on Silver Nanowires: Material Sy(31) Yang, H. J.; He, S. Y.; Chen, H. L.; Tuan, H. Y. Monodisperse
thesis, Fabrication, Performance, and Applicafidus. Mater. Copper Nanocubes: Synthesis, Self-Assembly, and Large-Area Dense-
TechnoR019 4 (10), 1900413. Packed Film&£hem. Mate2014 26 (5), 1785 1793.

(14) Papanastasiou, D. T.; Schultheiss, AoMRojas, D.; Celle, (32) Thoka, S.; Madasu, M.; Hsia, C. F.; Liu, S. Y.; Huang, M. H.
C.; Carella, A.; Simonato, J. P.; Bellet, D. Transparent Heaters:Agueous-Phase Synthesis of Size-Tunable Copper Nanocubes for
ReviewAdv. Funct. Mat@02Q 30 (21), 1910225. Efficient Aryl Alkyne HydroboratioBhem. - Asian 2017 12

(15) Won, P.; Park, J. J.; Lee, T.; Ha, |.; Han, S.; Choi, M.; Lee, 2318 2322.

Hong, S.; Cho, K. J.; Ko, S. H. Stretchable and Transparent Kirigan83) Li, B.; Ye, S.; Stewart, I. E.; Alvarez, S.; Wiley, B. J. Synthesis
Conductor of Nanowire Percolation Network for Electronic Skinand Purification of Silver Nanowires to Make Conducting Films with
ApplicationsNano Lett2019 19 (9), 6087 6096. a Transmittance of 99%ano Lett2015 15 (10), 6722 6726.

(16) Choi, S.; Han, S. I.; Jung, D.; Hwang, H. J.; Lim, C.; Bae, S.(34) Wiley, B.; Sun, Y.; Xia, Y. Polyol Synthesis of Silver
Park, O. K.; Tschabrunn, C. M.; Lee, M.; Bae, S. Y.; Yu, J. W.; RyuNanostructures: Control of Product Morphology with Fe(ll) or
H.; Lee, S. W.; Park, K.; Kang, P. M.; Lee, W. B.; Nezafat, R.; Hyedte(lll) Specied.angmui2005 21, 8077 8080.

T.; Kim, D. H. Highly Conductive, Stretchable and Biocompatible Ag{35) Jana, N. R.; Gearheart, L.; Murphy, C. J. Wet Chemical
Au Core-Sheath Nanowire Composite for Wearable and Implantal8gnthesis of Silver Nanorods and Nanowires of Controllable Aspect
BioelectronicdNat. Nanotechn@018 13 (11), 1048 1056. Ratio.Chem. Commu2001, 7, 617 618.

4429 https://doi.org/10.1021/acs.langmuir.1c00384
Langmuir2021, 37, 44194431


https://doi.org/10.1039/C7CS00759K
https://doi.org/10.1039/C7CS00759K
https://doi.org/10.1038/s41565-020-00799-8
https://doi.org/10.1038/s41565-020-00799-8
https://doi.org/10.1002/aenm.201902051
https://doi.org/10.1002/aenm.201902051
https://doi.org/10.1007/s10563-019-09271-7
https://doi.org/10.1007/s10563-019-09271-7
https://doi.org/10.1002/anie.201102619
https://doi.org/10.1002/anie.201102619
https://doi.org/10.1021/ja8063765
https://doi.org/10.1021/ja8063765
https://doi.org/10.1038/nmat2371
https://doi.org/10.1038/nmat2371
https://doi.org/10.1002/cctc.201200229
https://doi.org/10.1002/cctc.201200229
https://doi.org/10.1021/jacs.5b01391
https://doi.org/10.1021/jacs.5b01391
https://doi.org/10.1021/nl301045a
https://doi.org/10.1021/nl301045a
https://doi.org/10.1002/adma.201500917
https://doi.org/10.1002/adma.201500917
https://doi.org/10.1002/adma.201500917
https://doi.org/10.1088/0957-4484/22/24/245201
https://doi.org/10.1088/0957-4484/22/24/245201
https://doi.org/10.1088/0957-4484/22/24/245201
https://doi.org/10.1002/admt.201900413
https://doi.org/10.1002/admt.201900413
https://doi.org/10.1002/admt.201900413
https://doi.org/10.1002/adfm.201910225
https://doi.org/10.1002/adfm.201910225
https://doi.org/10.1021/acs.nanolett.9b02014
https://doi.org/10.1021/acs.nanolett.9b02014
https://doi.org/10.1021/acs.nanolett.9b02014
https://doi.org/10.1038/s41565-018-0226-8
https://doi.org/10.1038/s41565-018-0226-8
https://doi.org/10.1038/s41565-018-0226-8
https://doi.org/10.1038/s41528-019-0050-8
https://doi.org/10.1038/s41528-019-0050-8
https://doi.org/10.1038/s41528-019-0050-8
https://doi.org/10.1002/adfm.201808849
https://doi.org/10.1002/adfm.201808849
https://doi.org/10.1021/acs.chemrev.5b00482
https://doi.org/10.1021/acs.chemrev.5b00482
https://doi.org/10.1021/acs.accounts.5b00506
https://doi.org/10.1021/acs.accounts.5b00506
https://doi.org/10.1002/admi.202001695
https://doi.org/10.1002/admi.202001695
https://doi.org/10.1002/admi.202001695
https://doi.org/10.1021/ja3050184
https://doi.org/10.1021/ja3050184
https://doi.org/10.1002/adma.201402710
https://doi.org/10.1002/adma.201402710
https://doi.org/10.1039/C3CC48561G
https://doi.org/10.1039/C3CC48561G
https://doi.org/10.1039/C3CC48561G
https://doi.org/10.1021/jacs.6b10653
https://doi.org/10.1021/jacs.6b10653
https://doi.org/10.1021/la050220w
https://doi.org/10.1021/la050220w
https://doi.org/10.1002/anie.201105539
https://doi.org/10.1002/anie.201105539
https://doi.org/10.1002/anie.201105539
https://doi.org/10.1002/anie.201105539
https://doi.org/10.1021/acs.chemmater.8b00760
https://doi.org/10.1021/acs.chemmater.8b00760
https://doi.org/10.1021/jacs.8b08053
https://doi.org/10.1021/jacs.8b08053
https://doi.org/10.1016/j.matchemphys.2009.10.049
https://doi.org/10.1016/j.matchemphys.2009.10.049
https://doi.org/10.1016/j.matchemphys.2009.10.049
https://doi.org/10.1021/cm403098d
https://doi.org/10.1021/cm403098d
https://doi.org/10.1021/cm403098d
https://doi.org/10.1002/asia.201700856
https://doi.org/10.1002/asia.201700856
https://doi.org/10.1021/acs.nanolett.5b02582
https://doi.org/10.1021/acs.nanolett.5b02582
https://doi.org/10.1021/acs.nanolett.5b02582
https://doi.org/10.1021/la050887i
https://doi.org/10.1021/la050887i
https://doi.org/10.1021/la050887i
https://doi.org/10.1039/b100521i
https://doi.org/10.1039/b100521i
https://doi.org/10.1039/b100521i
pubs.acs.org/Langmuir?ref=pdf
https://doi.org/10.1021/acs.langmuir.1c00384?rel=cite-as&ref=PDF&jav=VoR

Langmuir pubs.acs.org/Langmuir Invited Feature Article

(36) Da Silva, R. R.; Yang, M.; Choi, S.-I.; Chi, M.; Luo, M.; Zhang,(56) Herring, C. Some Theorem on the Free Energies of Crystal
C.; Li, Z.-Y.; Camargo, P. H. C.; Ribeiro, S. J. L.; Xia, Y. Facifurfacefhys. Re¥951, 82 (1), 87 93.
Synthesis of Sub-20 Nm Silver Nanowires through a Bromide{57) Chernov, A. The Kinetics of the Growth Forms of Cry&tals.

Mediated Polyol MethoACS Nan@01§ 10 (8), 7892 7900. Phys. Crystallo@63 7, 728 730.
(37) Schuette, W. M.; Buhro, WAES Nan@013 7 (5), 3844 (58) Zhang, Y.; Sizemore, J. P.; Doherty, M. F. Shape Evolution of 3-
3853. Dimensional Faceted CrystAlChE J2006 52 (5), 1906 1915.

(38) Tang, X.; Tsuji, M.; Jiang, P.; Nishio, M.; Jang, S. M.; Yoon, S(59) Qi, X.; Zhou, Y.; Fichthorn, K. A. Obtaining the Solid-Liquid
H. Rapid and High-Yield Synthesis of Silver Nanowires Using Aimterfacial Free Energy via Multi-Scheme Thermodynamic Integra-
Assisted Polyol Method with Chloride I&Balloids Surf., 2009 tion: Ag-Ethylene Glycol Interfade€hem. Ph2616 145 194108.
338(1 3), 33 39. (60) Chen, Z.; Chang, J. W.; Balasanthiran, C.; Milner, S. T.; Rioux,

(39) Yang, Z.; Qian, H.; Chen, H.; Anker, J. N. One-PotR. M. Anisotropic Growth of Silver Nanoparticles Is Kinetically
Hydrothermal Synthesis of Silver Nanowires via Citrate Reductio@ontrolled by Polyvinylpyrrolidone BindihgAm. Chem. S2@19
J. Colloid Interface 86ilQ 352 285 291. 141(10), 4328 4337.

(40) Caswell, K. K.; Bender, C. M.; Murphy, C. J.; Street, S.;(61) Qi, X.; Chen, Z.; Yan, T.; Fichthorn, K. A. K. A. Growth
Carolina, S.; Di, V.; Uni, V.; Spartanburg, C.; Way, U. V.; Carolina, Bechanism of Five-Fold Twinned Ag Nanowires from Multi-Scale
Seedless, Surfactantless Wet Chemical Synthesis of Silver Nanoviite=ory and Simulatior&CS Nan@019 13 (4), 4647 4656.

Nano Lett2003 3 (5), 667 669. (62) Bogels, G.; Meekes, H.; Bennema, P.; Bollen, D. Growth

(41) Zhou, S.; Li, J.; Gilroy, K. D.; Tao, J.; Zhu, C.; Yang, X.; SurMechanism of Vapor-Grown Silver Crystals: Relation between Twin
X.; Xia, Y. Facile Synthesis of Silver Nanocubes with Sharp CornEmsmation and Morphology. Phys. Chem1®29 103(36), 7577
and Edges in an Aqueous Solu#@S Nan@016 10, 9861 9870. 7583.

(42) Zhang, Q.; Li, W.; Moran, C.; Zeng, J.; Chen, J.; Wen, L.-P.(63) Ji, G.; Ji, A.; Lu, N.; Cao, Z. Panoramic View of Particle
Xia, Y. Seed-Mediated Synthesis of Ag Nanocubes with ControllaMerphology for Growth Mechanism Exploration: A Case Study of
Edge Lengths in the Range of 300 Nm and Comparison of Their Micron-Sized Five-Fold Twinned Ag Particles from Vapor Con-
Optical Properties. Am. Chem. S2@1Q 132 11372 11378. densation]. Cryst. Growg92Q 533 125459.

(43) Wang, Y.; Zheng, Y.; Huang, C. Z.; Xia, Y. Synthesis of Ad64) Wiley, B.; Herricks, T.; Sun, Y.; Xia, Y. Polyol Synthesis of
Nanocubes 182 Nm in Edge Length: The Effects of Polyol on Silver Nanoparticles: Use of Chloride and Oxygen to Promote the
Reduction Kinetics, Size Control, and Reproducibildyn. Chem.  Formation of Single-Crystal, Truncated Cubes and Tetrahedrons.
Soc2013 135 1941 1951. Nano Lett2004 4 (9), 1733 1739.

(44) Chen, Z.; Balankura, T.; Fichthorn, K. A. K. A_; Rioux, R. M. R.(65) Sun, Y.; Ren, Y.; Liu, Y.; Wen, J.; Okasinski, J. S.; Miller, D. J.
M. Revisiting the Polyol Synthesis of Silver Nanostructures: Role Afmbient-Stable Tetragonal Phase in Silver Nanostrubtates.
Chloride in Nanocube FormatixCS Nan@019 13 (2), 1849 Commur2012 3, 971 976.

1860. (66) Zhou, Y.; Fichthorn, K. A. Internal Stress-Induced Ortho-

(45) Wu, F.; Wang, W.; Xu, Z.; Li, F. Bromide (Br) - Basedrhombic Phase in 5-Fold-Twinned Noble Metal NanowdirBgys.
Synthesis of Ag Nanocubes with High-\SeidRe2015 5, 10772. Chem. @014 118(32), 18746.

(46) Xia, X.; Zeng, J.; Oetjen, L. K.; Li, Q.; Xia, Y. Quantitative (67) Fichthorn, K. A.; Lin, Y. A Local Superbasin Kinetic Monte
Analysis of the Role Played by Poly (Vinylpyrrolidone) in SeedZarlo MethodJ. Chem. Phg€13 138(16), 164104.

Mediated Growth of Ag NanocrystalsAm. Chem. Sp@12 134 (68) Kemeny, J. G.; Snell, J.Hnite Markov Chain$pringer-
1793 1801. Verlag: New York, 1976.

(47) Sun, Y.; Mayers, B.; Herricks, T.; Xia, Y. Polyol Synthesis of69) Stauffer, D.; Novotny, M. A. A Tutorial on Advanced Dynamic
Uniform Silver Nanowires: A Plausible Growth Mechanism and thdonte Carlo Methods for Systems with Discrete State Zpanes.
Supporting Evidenddano Lett2003 3 (4), 955 960. Rev. Comput. Phys2001, 153 210.

(48) Al-Saidi, W. A.; Feng, H.; Fichthorn, K. A. Adsorption of (70) Puchala, B.; Falk, M. L.; Garikipatl.kChem. Ph261Q 132
Polyvinylpyrrolidone on Ag Surfaces: Insight into a Structuret34104.

Directing AgenfNano Lett2012 12 (2), 997 1001. (71) Plimpton, S. Fast Parallel Algorithms for Short-Range

(49) Saidi, W. A.; Feng, H.; Fichthorn, K. A. Binding of Molecular Dynamicd. Comput. Ph{€95 117 1 19.
Polyvinylpyrrolidone to Ag Surfaces: Insight into a Structure-(72) Williams, P. L.; Mishin, Y.; Hamilton, J. C. An Embedded-
Directing Agent from Dispersion-Corrected Density Functionaitom Potential for the Cu-Ag Syst&fodell. Simul. Mater. Sci. Eng.
Theory.J. Phys. Chem2@13 117(2), 1163 1171. 2006 14 (5), 817 833.

(50) Qi, X.; Balankura, T.; Zhou, Y.; Fichthorn, K. A. How (73) Henkelman, G.; Uberuaga, B. P.; Jonsson, H.; Jo, H. A
Structure-Directing Agents Control Nanocrystal Shape: Polyvinylpy@limbing Image Nudged Elastic Band Method for Finding Saddle
rolidone-Mediated Growth of Ag Nanocubksio Lett2015 15 Points and Minimum Energy PathsChem. Phy€0Q 113 (22),

(11), 7711 7717. 9901 9904.

(51) Balankura, T.; Qi, X.; Zhou, Y. Y.; Fichthorn, K. A. Predicting (74) Yang, H. J.; He, S. Y.; Tuan, H. Y. Self-Seeded Growth of Five-
Kinetic Nanocrystal Shapes through Multi-Scale Theory anBold Twinned Copper Nanowires: Mechanistic Study, Character-
Simulation: Polyvinylpyrrolidone-Mediated Growth of Ag Nanocrysization, and SERS Applicatidrmngmui2014 30 (2), 602 610.
als.J. Chem. Phy€116 145 144106. (75) Liu, S. H.; Fichthorn, K. A. Interaction of Alkylamines with Cu

(52) Qi, X.; Fichthorn, K. A. Theory of the Thermodynamic Surfaces: A Metal-Organic Many-Body Force Fiétlys. Chem. C
Influence of Solution-Phase Additives in Shape-Controlled Nan@017 121 (40), 22531 22541.
crystal SynthesiNanoscal2017 9 (40), 15635 15642. (76) Liu, S. H.; Balankura, T.; Fichthorn, K. A. Self-Assembled

(53) Zhou, Y.; Saidi, W. A.; Fichthorn, K. A. A Force Field forMonolayer Structures of Hexadecylamine on Cu Surfaces: Density-
Describing the Polyvinylpyrrolidone-Mediated Solution-Phase SylRunctional TheoryPhys. Chem. Chem. R4S 18 (48), 32753
thesis of Shape-Selective Ag Nanopadidrig/s. Chem2@14 118 32761.

(6), 3366 3374. (77) Fichthorn, K. A.; Chen, Z. Surface Science of Shape-Selective

(54) Fichthorn, K. A.; Balankura, T.; Qi, X. Multi-Scale Theory andMetal Nanocrystal Synthesis from First-Principles: Growth of Cu
Simulation of Shape-Selective Nanocrystal Gi@wdtEngComm  Nanowires and Nanocubds.Vac. Sci. Technol202Q 38 (2),

2016 18(29), 5410 5417. 023210.

(55) Qi, X.; Balankura, T.; Fichthorn, K. A. Theoretical Perspectiveg78) Luo, M.; Zhou, M.; Da Silva, R. R.; Tao, J.; Figueroa-Cosme,
on the Influence of Solution-Phase Additives in Shape-Controlldd; Gilroy, K. D.; Peng, H. C.; He, Z.; Xia, Y. Pentatwinned Cu
Nanocrystal SyntheslsPhys. Chem2@18 122 18785 18794. Nanowires with Ultrathin Diameters below 20 Nm and Their Use as

4430 https://doi.org/10.1021/acs.langmuir.1c00384
Langmuir2021, 37, 44194431


https://doi.org/10.1021/acsnano.6b03806
https://doi.org/10.1021/acsnano.6b03806
https://doi.org/10.1021/acsnano.6b03806
https://doi.org/10.1016/j.colsurfa.2008.12.029
https://doi.org/10.1016/j.colsurfa.2008.12.029
https://doi.org/10.1016/j.jcis.2010.08.072
https://doi.org/10.1016/j.jcis.2010.08.072
https://doi.org/10.1021/nl0341178
https://doi.org/10.1021/acsnano.6b05776
https://doi.org/10.1021/acsnano.6b05776
https://doi.org/10.1021/ja104931h
https://doi.org/10.1021/ja104931h
https://doi.org/10.1021/ja104931h
https://doi.org/10.1021/ja311503q
https://doi.org/10.1021/ja311503q
https://doi.org/10.1021/ja311503q
https://doi.org/10.1021/acsnano.8b08019
https://doi.org/10.1021/acsnano.8b08019
https://doi.org/10.1038/srep10772
https://doi.org/10.1038/srep10772
https://doi.org/10.1021/ja210047e
https://doi.org/10.1021/ja210047e
https://doi.org/10.1021/ja210047e
https://doi.org/10.1021/nl034312m
https://doi.org/10.1021/nl034312m
https://doi.org/10.1021/nl034312m
https://doi.org/10.1021/nl2041113
https://doi.org/10.1021/nl2041113
https://doi.org/10.1021/nl2041113
https://doi.org/10.1021/jp309867n
https://doi.org/10.1021/jp309867n
https://doi.org/10.1021/jp309867n
https://doi.org/10.1021/jp309867n
https://doi.org/10.1021/acs.nanolett.5b04204
https://doi.org/10.1021/acs.nanolett.5b04204
https://doi.org/10.1021/acs.nanolett.5b04204
https://doi.org/10.1063/1.4964297
https://doi.org/10.1063/1.4964297
https://doi.org/10.1063/1.4964297
https://doi.org/10.1063/1.4964297
https://doi.org/10.1039/C7NR05765B
https://doi.org/10.1039/C7NR05765B
https://doi.org/10.1039/C7NR05765B
https://doi.org/10.1021/jp412098n
https://doi.org/10.1021/jp412098n
https://doi.org/10.1021/jp412098n
https://doi.org/10.1039/C6CE01012A
https://doi.org/10.1039/C6CE01012A
https://doi.org/10.1021/acs.jpcc.8b00562
https://doi.org/10.1021/acs.jpcc.8b00562
https://doi.org/10.1021/acs.jpcc.8b00562
https://doi.org/10.1103/PhysRev.82.87
https://doi.org/10.1103/PhysRev.82.87
https://doi.org/10.1002/aic.10778
https://doi.org/10.1002/aic.10778
https://doi.org/10.1063/1.4967521
https://doi.org/10.1063/1.4967521
https://doi.org/10.1063/1.4967521
https://doi.org/10.1021/jacs.8b11295
https://doi.org/10.1021/jacs.8b11295
https://doi.org/10.1021/acsnano.9b00820
https://doi.org/10.1021/acsnano.9b00820
https://doi.org/10.1021/acsnano.9b00820
https://doi.org/10.1021/jp990992z
https://doi.org/10.1021/jp990992z
https://doi.org/10.1021/jp990992z
https://doi.org/10.1016/j.jcrysgro.2019.125459
https://doi.org/10.1016/j.jcrysgro.2019.125459
https://doi.org/10.1016/j.jcrysgro.2019.125459
https://doi.org/10.1016/j.jcrysgro.2019.125459
https://doi.org/10.1021/nl048912c
https://doi.org/10.1021/nl048912c
https://doi.org/10.1021/nl048912c
https://doi.org/10.1038/ncomms1963
https://doi.org/10.1021/jp505334x
https://doi.org/10.1021/jp505334x
https://doi.org/10.1063/1.4801869
https://doi.org/10.1063/1.4801869
https://doi.org/10.1142/9789812811578_0003
https://doi.org/10.1142/9789812811578_0003
https://doi.org/10.1006/jcph.1995.1039
https://doi.org/10.1006/jcph.1995.1039
https://doi.org/10.1088/0965-0393/14/5/002
https://doi.org/10.1088/0965-0393/14/5/002
https://doi.org/10.1063/1.1329672
https://doi.org/10.1063/1.1329672
https://doi.org/10.1063/1.1329672
https://doi.org/10.1021/la4036198
https://doi.org/10.1021/la4036198
https://doi.org/10.1021/la4036198
https://doi.org/10.1021/acs.jpcc.7b07861
https://doi.org/10.1021/acs.jpcc.7b07861
https://doi.org/10.1039/C6CP07030B
https://doi.org/10.1039/C6CP07030B
https://doi.org/10.1039/C6CP07030B
https://doi.org/10.1116/1.5141995
https://doi.org/10.1116/1.5141995
https://doi.org/10.1116/1.5141995
https://doi.org/10.1002/cnma.201600337
https://doi.org/10.1002/cnma.201600337
pubs.acs.org/Langmuir?ref=pdf
https://doi.org/10.1021/acs.langmuir.1c00384?rel=cite-as&ref=PDF&jav=VoR

Langmuir pubs.acs.org/Langmuir

Invited Feature Article

Templates for the Synthesis of Au-Based NandiiteesNanoMat
2017 3 (3), 190 195.

(79) Gilroy, K. D.; Peng, H. C.; Yang, X.; Ruditskiy, A.; Xia, Y.
Symmetry Breaking during Nanocrystal Gro@ltem. Commun.
2017 53 (33), 4530 4541.

(80) Fichthorn, K. A.; Yan, T. Shapes and Shape Transformations of
Solution-Phase Metal Particles in the Sub-Nanometer to Nanometer
Size Range: Progress and Challehd@isys. Chem2@1, 125(7),

3668 3679.

4431

https://doi.org/10.1021/acs.langmuir.1c00384
Langmuir2021, 37, 44194431


https://doi.org/10.1002/cnma.201600337
https://doi.org/10.1039/C7CC01121K
https://doi.org/10.1021/acs.jpcc.0c10159
https://doi.org/10.1021/acs.jpcc.0c10159
https://doi.org/10.1021/acs.jpcc.0c10159
pubs.acs.org/Langmuir?ref=pdf
https://doi.org/10.1021/acs.langmuir.1c00384?rel=cite-as&ref=PDF&jav=VoR

