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ABSTRACT: Control over the shape of a metal nanostructur@nisotropic
grants control over its properties, but the processes that Cawsnocrystals
solution-phase anisotropic growth of metal nanostructures are not v ¥

Ay » —

Microplate: Growth Rate on {100} > {111}

fully understood. This article shows why the addition of a small
amount (75100 M) of iodide ions to a Cu nanowire synthesis
results in the formation of Cu microplates. Microplates are 100 nm
thick and micronwide crystals that are thought to grow through
atomic addition to {100} facets on their sides instead of the {111}
facets on their top and bottom surfaces. Single-crystal eIectro\-/
chemical measurements show that the addition of iodide iong, WI/_° % -
decreased the rate of Cu addition to Cu(111) by 8.2 times duexfyiamine ) f/’, WP ; | &¢

the replacement of adsorbed chloride by iodide. At the same time, Vi P

the addition of iodide ions increased the rate of Cu addition to

Cu(100) by 4.0 times due to the replacement of a hexadecylamine (HDA) self-assembled monolayer with the adsorbed iodide. Tl
activation of {100} facets and passivation of {111} facets with increasing iodide ion concentration correlated with an increasing yie
of microplates. Ab initio thermodynamics calculations show that, under the experimental conditions, a minority of iodide ion:
replaces an overwhelming majority of chloride and HDA on both Cu(100) and Cu(111). While Cu nanowire formation is predicted
(and observed) in solutions containing chloride and HDA, the calculations indicate that a strong thermodynamic driving force
occurs for {111} facet (and microplate) growth when a small amount of iodide is present, consistent with the experiment.

-

INTRODUCTION A common hypothesis is that shape-directing agents

The development of colloidal syntheses to control the shape ]eferenually adsorb to certain facets of a nanoc_rystal, alte”ng
e facet-dependent surface energy and kinetics of atomic

metal nanocrystals has enabled the customization of their . ™~ 3es35 o
properties for derent applicatiorisFor example, increasing _addltlonz. Shape-directing agents may take the form of an

the coverage of certain crystal facets on nanocrystal surfa{%’ﬁ an organic compound, a polymer, or a gas (e.g., CO).

can increase their catalytic perfornfaficéhe high aspect constructions of fgce-centered cubic (fcc) metals predict
ratio of metal nanowires enables their use in transpare t the thermodynamically favored structure is a truncated

conductor&2® highly porous feltd, aerogel®* and octahedron composed of both {111} and {100} fat@tse
conductive ,composi 17 Two-diménsional (,2D) nano- addition of certain capping agents can result in the synthesis of

plates and microplates exhibit size-dependent surface plasr%ﬁ‘hedra covered exclusively by eight {111} facets or

resonance (SPR)that has been employed for photothermaln‘"mOCUbeS enclosed by six {.10.0} fé%dﬁecent results
therapy® SPR biosensd$,and photoacoustic imagfg. suggest that the observed deviation in facet coverage can be

Microplates can also be used to form conductive networks fggg.go a iﬂan?ﬁ lntrt]hef factet(;depegde[lt klpetlc%ﬁoéf‘} atomic
printed electronié®?* and conductive polymer composites. & ée'(én trr?e Elr hlananigot?geié gﬁ;nee(;} r?;rrl(?v(\:/ieres segeyﬁws o
These examples demonstrate the power that morphologi&ﬁ?. ' gnly P P

control of metal nanocrystals can provide for those seeking'&g'cme that such structures must result from a change in the

understand struct@property relationships of metal nano-

materials and improve their performance in various applicaeceived: September 7, 2020

tions. Revised: November 18, 2020
The mechanisms by which shape control is achieved fi/Plished: December 7, 2020

solution-phase metal nanostructure syntheses are not well

understood. This lack of fundamental understanding makes it

di cult to design syntheses that produce the desired outcome.

© 2020 American Chemical Society https://dx.doi.org/10.1021/acs.chemmater.0c03596
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Figure 1.Cu nanostructures synthesized with HDA, AA, aeckdi combinations of Cu precursors and halide ions: (a) nanowires formed with a
CuCl, precursor, (b) spherical particles formed with Cgg\fdd 75 M Nal, and (c) microplates formed with CLeBid 75 M Nal. (aSf)

Tafel plots for two Cu single-crystal electrodes obtained with the same solutionS @3, fiersf@@ctively. The original LSVs are sholigiime

S5 The concentrations of Cu precursors, HDA, and AA were 16.4, 49.4, and 50 mM, respectively.

rate of atomic addition to @irent facets rather than surface This study builds upon previous work by using a

energy minimizatiofiIf one could directly measure this facet- combination of single-crystal electrochemistry, DFT, and a

dependent rate of atomic addition, one could obtain a bett@omputational hydrogen electrode approach to explore why

understanding of the role shape-directing agents play e addition of iodide ions>jito HDA-based Cu nanowire

controlling anisotropic growth. This understanding could b&ynthesis results in the formation of Cu microplates instead of

used to design improved nanostructure syntheses. nanowires. Single-crystal electrochemlcgl_measu'rements show
We have been using electrochemical measurements on mEt@} the formation of microplates is due“tintreasing the

single crystals to directly measure the facet-dependent ratd f OLCU ado!itionhto {100};306%3.”. the si(:]es cl)flrlni?roplates
atomic addition in Cu nanowire synthéSe&& For a synthesis V;’] Ite ecrga;)sTtgt efr?r:eo. ual t't'ogg’_rt el{ I t} acetﬁ on
in which ethylenediamine was thought to block atomi% € tgp and bottom of the microplates. Ca.cu'ations show

hat P has a stronger bindingrity for Cu than Cland that

addition to t_he {100} facets on t_he s_ldes of Cu nanowire replaces Eland HDA on both Cu(100) and Cu(111), even
electrochemical measurements with single crystals showed n the solution-phase concentratiohiefl00 times lower

ethylenediamine instead promoted Cu addition to the {111},5n cf. While Cu nanowire formation is predicted (and
facets on the ends of Cu nanowires by facilitating the remoy{{served) in solutions containing chloride and HDA, a strong
of Cu oxide from {111} facéfSin another Cu nanowire thermodynamic driving force occurs for microplate growth
synthesis, hexadecylamine (HDA) was thought to selectivglfren a small amount of iodide is added to the cldétidie

block atomic addition to the {100} facets on the sides of Cigolution, consistent with the experiment. This study thus adds
nanowires while leaving the {111} facets at the ends ke rst clear example to the literature of anisotropic
nanowires open to atomic addition. However, electrochemiganostructure growth in the presence of a shape-directing
measurements with single crystals showed that HDAgent that is adsorbed isotropically.

passivated both {100} and {111} facets equally. Chloride

ions (CP) were required for selectively removing the HDA RESULTS AND DISCUSSION

self-as;embled monolayer (SAM) from {111} facgts on the Experimental E ects of Halides on Cu Nanostructure
nanowire end§ but not the {100} facets on nan0W|re3§|des.Growth_ The synthetic results shown fmgure aSc
Density functional theory (DFT) calculations showed thaljemonstrate the dramaticeet of halide ions on Cu
facet-selective removal of a HDA SAM from Cu(111) can bganocrystal growth. The addition of ©la growth solution
Obtained W|th a0.33 monolayer (ML) COVerage of CI ThIS |a%ntaining a Cu(”) precursor, HDA, and ascorbic acid (AA)
example demonstrates the potential for DFT calculations aqgerein referred to as a HBEGI° solution) results in
single-crystal electrochemistry to provide new molecular-legeintagonally twinned Cu nanowirBgyfre &). We have
insights into the facet-selective chemistry that drives thgreviously shown that nanowire growth is due to the selective
anisotropic growth of nanocrystals. removal of a HDA SAM on the {111} facets at the ends of the
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nanowire, while the {100} facets on the sides of the nanowire
remain passivated by a HDA SR If CI° is not present
in the synthesis, or the concentration disoo low ( 16.4
mM), both {111} and {100} facets are passivated by HDA to
the same extent, and only Cu nanoparticles fofm5 M
Nal was added in place of°Qforming the HDA&I®
solution), only nanoparticles were formeduie b). As
we see later, this small amount & hot by itself sucient to
remove HDA from the Cu surface. Addition of larger amounts
of I° to the synthesis caused the precipitation of Cul (see
Figures S1 and 52As shown inFigure Slamicron-sized
irregular particles were obtained af aomcentration of 3.28
mM (1/10 of the C¥ concentration used for Cu nanowire
growth). When morée was added, smaller nanoparticles were
produced fFigure S18d) and the intensities of Cul peaks in
the X-ray powder diaction (XRD) patterns increased. LI LI L
(Figure SR Microplates were occasionally observed at | {111}
concentrations higher than 9.84 mM but at a low yield, i
presumably because most of the Cu precursor precipitated as
Cul. These results suggest that the combination of HDA and
IS is su cient to induce the formation of Cu microplates, but
the precipitation of Cul prevents the formation of a high yield
of microplates. )
Surprisingly, if 75M Nal is added to the HDBCP
solution (forming the HDBCIFSI® solution), microplates
formed instead of nanowires and CUI. particleg. The prese igure 2.(a) Transmission electron microscopy (TEM) image of a
of CF enables 'FO induce the formation of mlqr()_pla}tes atnfa%t ofac(tu)microplate and (b) the corresponc'ijil)f/lg(elect)nramdgn
lower concentrations of that do not cause precipitation of pattern, Two models demonstrating the atomic arrangement of Cu in
Cul. The microplates had an average thickness af 3G0 hexagonal plates using a face-centered cubic packing of spherical
nm, an average width of #.0.5 m, and an aspect ratio of 31 magnets (c) with an even number of twin defects and (d) an odd
(Figures @ andS3. X-ray diraction (XRD) patterns further number of twin defects. Note that real microplates also likely contain
con rmed that all three nanocrystalsFigure &Sc were  a number of {111} stacking fadfs’
metallic Cu Figure S}
Selected area electronrdction patterns acquired with the columns Eigure @). We note that this simpéid model does
beam oriented perpendicular to the basal planes of thwt re ect evidence from TEM images showing that multiple
microplates (se€igure 2,b) exhibit the {220} rections planar defects can be evenly or asymmetrically distributed
characteristic of daction along thelll direction and 1/ across a particdlé?>*#*8>! byt such structures also have a
3{422} re ections characteristic of miction from parallel  mixture of {111} and {100} facets on their sides. Based on
{111} planar defect§>*® These results indicate that the basalthese structures, the change in the growth mode from
surfaces of the microplates consist of {111} facets. Thea@nowires to microplates with the additior? @hplies that
results are consistent with those of mr?él%/ grevious studiesasf inversion in facet activity occurs such that greater Cu
platelike structures composed of Ag arftFAuU. addition takes place on {100} than {111}.
Given that transmission electron microscopy (TEM) It should be noted that nanowires grow from 5-fold twinned
provides a 2D projection of a three-dimensional (3D) objectiecahedra, while microplates grow from nuclei with parallel
it has not yet been proven possible taitigely determine  twin planes. In addition to imencing the rate of atomic
the facets on the sides of platelike crystals grown from faddition to {111} and {100} facets, the addition of iodide ions
metals. However, based on their fcc crystal structure, the faghy inuence nucleation such that a greater proportion of
that the basal planes of microplates consist of two {11lgeeds has parallel twin planes. We have attempted to
surfaces, and the need to minimize surface energy with lowvestigate the nucleation of Cu seed crystals in alkylamine-
index planes, most researchers inferred that the sides haflide syntheses by taking samples at multiple time points. The
nanoplates/microplates consist of 12 alternating {100} andarliest time point at which copper nanocrystals could be
{111} side planesT@ble S).*%***° Models inFigure 2,d  found in the HDACISSIS solution was at 30 min. These
show that the number of twin planes in the structatsgthe  particles were washed with acetonitrile (to remove the white
arrangement of {111} and {100} facets on the sides oCuCl precipitate), isopropyl alcohol (IPA), hexane (to remove
microplates. When the number of twin layers is even, the siH®A), and 50/50 vol % IPA/water. Even after these washing
facets alternate vertically and laterally between {111} arsileps, residual organic residue made éullito obtain clear
{100} in a checkerboard pattefidure 2). A side view TEM  images of the nanocrystals, and the nanocrystals were already
image of a Cu microplateigure Spexhibits the structure of over 200 nm in diameteFigure S}/ A modi ed washing
this model. The angles between the basal plane and two sftecedure with dimethyl sulfoxide (DMSO) was developed to
facets are 110 and 22%orresponding to the theoretical remove residual organic material, but the washing procedure
angles between (111) andi¢111) (i.e., 1097 and between  dissolved small seeds, so that the earliest time point at which
(111) and (DO), respectively. When the number of twin layersianocrystals could be isolated was 40 min in th&EPB&
is odd, the {111} and {100} facets alternate laterally irl® solution and 60 min in the HIEI® solution (se€igure

Basallsurfaces:
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S§. Thus, due to the presence of CuCl precipitate and HDATable 1. Current Density at the Mixed Potenti@}) for
it proved impossible for us to isolate smaR0( nm) Two Single-Crystal Electrodes with Brent Additive§
nanoparticle seeds and study the impact of iodide on the

. . 200y
cryztal ?tréjcture c?f _see;]js. \{\liel note that tﬂerg |an0 prt?]wlo shape addiives 099 j41D itess ref
study of Cu seeds in the alkylamine synthesis. Never ee:‘,]oamdes HDA 1109 1171 095 37
given the clear dérence in the morphology of the <15 .
nanocrystals at the earliest time points in the reaction (see HDASI™ 109  11.59  0.95 Figure
nanowires HD&CP 12.11  153.78 0.079 Figure d

Figure SB we expect that the presence of iodide increased th%icmplates HDECISIS 4864 1871 260 Figure 1
number of seeds with parallel planar defects. i _ s g6

However, a change in the crystal structures of the seeds'® gg”gegtéat'ons gf g“ lons, HDA;, i and AA were 16.4,
cannot by itself be responsible for the formation of Cu>® 328, 0.075, and 50 mM, respectively.
microplates. Anisotropic growth is also necessary. For example,

if we assume that the microplate seeds start with similghows thaf,, for Cu(111) and Cu(100) are the Same?ﬁg
dimensions as silver microplate seeds (e.g., 45 nm wide, 5 ARl present. This result shows that the presence®of Cl
thick), they will have an aspect ratio &fl9they then grow  activates Cu(111) but not Cu(100), thus explaining why
isotropically to the scale ot m, they will have an aspect pentagonally twinned Cu nanowires with {111} facets on their
ratio of 1.04 (1.045m wide, 1.005m thick). This is  ends and {100} facets on their sides only grow wheis Cl
illustrated |rF|gure S9In contrast, Cu mlcroplates have an pvresent in the reaction so|ut?6ﬁ'_hejmp values in the Hm
aspect ratio of 31. This example illustrates that facet-dependghéolution Figure &) were similar to those of the case when
atomic addition of Cu is necessary for the anisotropic growtRe solution contains S#DA complexes and AA without
of the Cu microplates. S “any halide ionsT@ble }).>” The agreement between the two
Further evidence for the role of halides in facet-selectivReasurements indicates that with M5I°, both (111) and
growth can be obtained from using nanowires and microplat@®0) electrodes were passivated by HDA without any facet-
as seeds in the HIBEPSI® and HDASCI® solutions,  selective behavigff% iV = 0.95). This result means that
respectively. If the HIYCIPSI® solution promotes atomic  the low £ concentration (i.e., 660 and 440 times lower than

addition to {100} facets, Cu nanowire seeds should groMDA and C¥, respectively) cannot disrupt the HDA SAM on
laterally in this solution because their side facets are {10@ither facet.

Figure S18hows that the diameter of the nanowires increased However, the addition dt 1o the HDASCI® solution (i.e.,
by 3.4 times (before seeded growth+170 nm, after: 580 HDASCIS-I° solution) changed the facet-selective activity.
110 nm). This result is consistent with the hypothesis that theigure fandTable 1show that th@,, for the (100) electrode
adsorption offlon the surface of a Cu nanostructure results ins 2.60 times greater than for the (111) electrode, the opposite
preferential atomic addition to {100} facets. Second, thef what was observed in the HBD¥ solution Figure ).
HDASCI solution should result in passivation of {100} facetsThis inversion is consistent with the hypothesis that |
on the sides of the microplate, resulting in preferential atomigcilitates greater Cu atomic addition to the {100} edge facets
addition to the {111} facets on the top and bottom of thethan to the {111} basal planes, ultimately resulting in
microplatesFigure Slishows that the thickness of the microplate formation. The electrochemical measurements
microplates increased by 2.3 times while their widths did nghown inFigure &,f also indicate that the presence Cl
signicantly change (before seeded growth:4105 m, facilitates 9 adsorption on Cu surfaces. For the case of
after: 4.4+ 1.0 m) in the HDASCP solution. This result  Cu(111), C? facilitatesY adsorption by completely detaching
indicates that a HCBCI® solution normally used to grow Cu HDA from the surface. For Cu(100), coadsorption°ofith
nanowires promoted the atomic addition of Cu onto {111}HDA weakens the HI¥Cu bond and creates a efient
facets while passivating {100} facets. The result is alsarface phase that may lower the kinetic barriet to |
consistent with the hypothesis that the sides of the Cadsorptiori’*°
microplates in part consist of {100} facets. E ect of lodide Concentration. Additional evidence for

E ect of Halides on Single-Crystal Electrochemical  the role of § was obtained by measuring jt¢ andj(9®
Measurements. To test the hypothesis th&t inverts the  values of the HD®CISSIS solution at various® Iconcen-
facet activity, electrochemical measurements with Cu(111) atrdtions Figure ). Increasing thé toncentration decreased
Cu(100) single-crystal electrodes we[eé)erformed in the saffg® while increasirjff3°. Figure ® shows this increase in the
solutions used to grow the nanocry3taiSin the synthesis ({0 (LY ratio was accompanied by an increase in the aspect
solution, Cu-alkylamine complexes are reduced by ascorkatio of microplatessigure Slandicates that increasiny |
acid. As described by the mixed potential tA&8ryhe concentration resulted in a decrease in microplate thickness
spontaneous overall reaction occurs at a mixed pogplial ( and an increase in microplate width. Also, when the value of
at which the two half-reactions (Cu ion reduction and ascorbjgo% jG:t) was over 2.5, the percent of microplates exceeded
acid oxidation) have equal rates. As all of the electroi®5%, whereas the yield decreased to 36% whgiPtjig
produced by oxidation are consumed by reduction, the netas 0.31 (se€igure S13 These results indicate tha%/
current at the mixed potential is zero. The current for eithq’t,%,}l) can be used as a predictor for the formation of
half-reaction at the mixed potential gives the reaction rate foncroplates and that theeets of ¥ on the facet-selective
Cu nanocrystal growth. For reactions that are charge transfactivity of the single-crystal electrodes are likely similar to the
limited, the magnitude of the half-reaction curreli,at mechanisms by whicl kcauses anisotropic growth of
(referred to ajg,,) can be obtained from a Tafel plot of a linear microplates.
sweep voltammagram in the reaction solution. Hypothesis for the Role of lodide. The schematic in

In the HDASCF solution Figure ), j3" was 12.7 times  Figure 4illustrates our hypothesis for hGvattivates {100}
greater tharjﬁgo) (see alsarable ). In contrast,Table 1 facets while passivating {111} facets. In the absen¢keif |
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Figure 3.(a) Values oft2® andjtV vs P concentration. (b) Valuesjff®j &2 (diamonds) and the aspect ratio of microplates (squares) vs |
concentration. The original Tafel plots are showigine S14Representative scanning electron microscope (SEM) imagesertrations
of (¢) 25 M, (d) 50 M, and (e) 100 M. The synthetic results with 0 and ®& |° are shown ifFigure &,c.

ouMm I 100 uM I Cu atomic addition on the {111} basal planes was caused by
nanowire nanoplate adsorbedsl )
(11} cronly Displacement t only As illustrated in the bottom Eigurg 41 disrupts the HDA
of Cl by | SAM on the {100} facet, resulting in a surface coveréd by |
Seecccce 2020000 000000900 Since the HDA SAM is a better inhibitor of Cu reduction than

adsorbedS| (seeFigure S1% the adsorption oflinstead of

HDA SAM  SAM disruption g i .
the HDA SAM led to an increase in {f}§” (Figure 3).

100 I onl
{100} % % % % % % % o When the concentration of éxceeded 75M (Figure &),
PO R T T LR LR there were no sigmiant changes in thg, for either single-
eClF ® I ~wwwe HDA crystal electrode, implying that each electrode surface was

saturated with®l This result suggests that the growth of
microplates occurs when both {111} basal and {100} edge
surfaces of microplates are covered by adsorledd.

side of the schematic), the {111} surface is covered exclusivelyl heoretical Calculations. Electrochemical measurements
by CF (which activates the surface for atomic addition) andising single-crystal electrodes suggest ttistupted HDA
the {100} surface is passivated by a HDA SAM with a 1/3 MISAMs on {100} facets and replacetiodl{111} facets. It was
of co-adsorbed 1’ Addition of P replaces €lon the {111} also observed that the growth of Cu microplates occurred due
facet, leading to its passivation. Tieadkorbed on a Cu to a 2.60 times greater rate of Cu deposition on {100} facets
surface has been shown to activate Cu depdsitei,  than {111} facetsRigure f) even though both facets were
adsorbed °| suppresses Cu deposifibnThe relatively  covered bySl These experimental observations elicit two
CO\(alent Cal bond is stronger than the relatively ionic questions_ First, is the rep|acement of HDA a‘v‘hdcﬂﬁyers
CuSCl bond and involves a greater amount of charger transfigy, |$ thermodynamically favorable? Second, how can the
from £ to Cu. This stronger interaction betweearid Cu presence of lon both facets cause anisotropic growth of Cu
hinders atomic additigh:® microplates?

An altemnative explanation is that {111} basal facets arér, answer these questions, we used ab initio thermody-
passivated by HDA in the HBAPSI® solution. To test this namics based on dispersion-corrected DFT and the computa-

alternative hypothesis, we compared the linear swegp A .
voltammetry (LSV) with a Cu(100) electrode in a SDA iBnal hydroggn electro_de met qb.\l_l_calt_:ulatm_ns were
CI® solution to the LSV with a Cu(111) electrode in a HDA performed using the Vienna Ab initio simulation package
CISSIS solution Figure S15 The LSV of a Cu(100) (VASP)®¢2 Details of the DFT calculations can be found in
electrode in a HDBACI solution has a current plateau theMethods Sectioms well as in tigupporting Information

betweenS0.04 and 0.05 V, indicating that Cu reduction isAS We discuss below, these calculations establish that, under
inhibited by a passivating HDA SANHowever, no current  the experimental conditions, there is a thermodynamic driving
plateau was observed for the Cu(111) electrode in th& HDAforce for the replacement of HDA and &ilayers by’land

CISSI° solution, suggesting that no HDA SAM was present ofor the growth of microplates whénid adsorbed on both

the (111) surface. These results indicate that the inhibition dacets.

Figure 4.Schematic diagram of Cu {111} and {100} facets in a
HDASCI® solution with dierent concentrations &f |
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Calculated E ect of Halides on HDA Monolayer adsorption ofl on both {111} and {100} facets, with no
Desorption. To understand the imence of 9 on HDA passivation by HDA on either facet. If the thermodynamically
adsorption, we studied the coadsorption of HDA and | as most favorable surface coverage of | is at least 0.25 ML on
function of | coverage on two Cu surfaces. The lowest Cu(111) and 0.33 ML on Cu(100) at the synthetic conditions
coverage studied was 0.25 ML with a HDA coverage of 0.25ed in this study, DFT calculations show that both surfaces
ML. At this coverage, HDA was chemisorbed on Cu(100ill either be free from HDA SAMs or contain weakly bound
(Figure S1§aln contrast, HDA was physically adsorbed onlayers, in agreement with the experimental results.

Cu(111) at the same coveragdég(re S16b As the | Calculation of the Preferred Surface Structures of
coverage increased to 0.33 ML, HDA formed a physicallyalogen Monolayers. We next performed ab initio
adsorbed layer above the Cu(SdMterface Figure &). On thermodynamic calculatibhgo determine the preferred
surface comurations of adsorbed I, Cl, and HDA under the
experimental conditions. The preferred surfacguration

was characterized by its surface energy, where the surface
energy for a Cu slab containing Cl and/or | and/or HDA

( cwscisisHpa) is given byeq 1

CuS CI5 IS HDA —
(ECu§01§|SHDA S NCuEgﬂké N:I S& S N |%qé N-lDA SSA) I fixed
Asurf o
(1)
Here, Ec.scisisupa iS the total energy of an optimized Cu
surface slab containing Cl, |, and HRA;andEE!Xrepresent
the number of Cu atoms in the surface slab and the bulk
energy per Cu atom, respectivdly; is the number of
adsorbed Cl atomsZ} is the chemical potential of solution-
phase Cl N, is the number of adsorbed | atoni$,is the
chemical potential of aqueods Nyp, is the number of
adsorbed HDA molecule$y,, is the chemical potential of
solution-phase HDA, ard,:is the surface area of the slab.
Figure 5.Side and top (showing N and | atoms only) views for #€djs the surface energy of a bare Cu surface slab with atoms
optimized binding cogurations of CslSHDA systems at 0.33 ML xed at the bulk coordinates, which we subtract as a result of
| coverage on (&) Cu(100) and (b) Cu(111) (brown: Cu, purple: I, performing our calculations with halogen adsorbed on only
blue: physisorbed N, gray: C, and white: H). one side of the slab. We note that the DFT energies.aan
be augmented to consider temperatueetg, such as the
iprational entropies of the slab and the bulk. As trexts e
ve been estimated to be negligible in other studieS of Cu
alide interfacé8,we neglect them here. Additionally, HDA

Cu(111), the HDA adlayer remained weakly bound to th
substrate by vdW attraction at the higher | coverage of 0.
ML (Figure B). A higher | coverage of 0.50 ML on Cu(100) h
also led to physisorbed HDA. SAMS on the two Cu surfaces in an a i
- gueous environment
Table S2shows that the binding of HDA to both Cu g jated at 90C with molecular dynamics based on our
surfaces grew progressively weaker as the coverage ‘?rﬁe aforganic many-body forceeld retain the same

increased. It was also commed that the eect of P on a : o
structures as those in vacuum DFT calculatithiadicating
HDA SAM was greater than that of Ciigle 3. At 0.33 ML that the HDA SAMs in the DFT calculations shouldcte

those in an aqueous environment 4C9Finally, it should be

Table 2. HDA Adsorption at Various Halogen Surface clear that the chemical potentialeinlare a function of
Coverages (P: Physisorbed HDA, C: Chemisorbed HDA) temperature. We return to this point below.
halogen surface coverage (ML) aWe a%an use;q 1to obtain the ciscis 1sHpa @s a function of
halogen —— T Y e &, ® and {ib,. The surface with the lowest energy for a

given set of chemical potentials is the one predicted to be

! (111) P P P P observed in the experiment. This would create a four-
. (100) c P P P dimensional plot of the.gcisispa @S a function of three
cl (111) C P P P chemical potentials. To simplify the calculations, we note that
(100) C C mixed P

the experiments are run at a constant concentration (i.e.,
aSurfac_e coverages of | and CI for microplates and nanowirgshemical potential) of HDA. We know that the synthetic
respectively’fom ref37. Physisorbed + chemisorbed. conditions for Cu microplates were exactly the same as those
for Cu nanowires except that a small amount ofab
coverage of | or Cl, HDA SAMs were removed from bottintroduced (75100 M). We can thus estimat@l, in the
(100) and (111) by adsorbed I, whereas Cl replaced the HDAynthesis of microplates from the conditions used to produce
SAM on (111) but not on (100). A Cl coverage of 0.5 ML wasCu nanowire$, considering only Cu, Gl and HDA.
necessary to remove chemisorbed HDA from both (111) an8ipecically, we know that nanowires grow when Cu(100)
(100) surfaces. The greateea of | on the disruption of contains both adsorbed®@ind a chemically adsorbed HDA
HDA SAMs was due to the larger size of | relative to Cl.  SAM, but Cu(111) contains only adsorbedaith physically

The electrochemical results suggest that the low concemdsorbed HDA! From ab initio thermodynamics results for
tration of P in the microplate growth solution resulted in the CUWCIPSHDA system (details are in réf), we

886 https://dx.doi.org/10.1021/acs.chemmater.0c03596
Chem. Mater2021, 33, 885891


http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.0c03596/suppl_file/cm0c03596_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.0c03596/suppl_file/cm0c03596_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.0c03596/suppl_file/cm0c03596_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.0c03596?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.0c03596?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.0c03596?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.0c03596?fig=fig5&ref=pdf
pubs.acs.org/cm?ref=pdf
https://dx.doi.org/10.1021/acs.chemmater.0c03596?ref=pdf

Chemistry of Materials pubs.acs.orglcm

determined a range of values {3, which resulted in HDA To relate the results ifigure &o the experimental results,
and Cl adsorbed on Cu(100) but only Cl on Cu(111). To we need to have explicit expressions foithand ¥ For
further clarify the@}, and likely surface environments in the this, we used the computational hydrogen electrode method,
experiments, we selected values for thifieethat could following its adaptation by Gossenberger and co-wofRers.
theoretically result in nanowires due to the chemisorption of this method, the electrochemical potential for a halide X
HDA on Cu(100) but not on Cu(11%}. solution can be obtained for the redox reaction §#2X

For each xed value of theil,, we identify the surface X°) using
con gurations with the minimum surface energies as a function 1
of &k and ¥ To create the phase diagram, we create surfaces 29§ = —gDFT4 S + Tn as
with Cl, HbA, and | in various proportions. In total, 38  * €2 e W+ *
di erent surface structures, 16 on Cu(100) and 22 on )

Cu(111), were studied. These structures include those |iSt%erdE{)i(>FTisthe DFT energy of a diatomigolecule in the

in Table 2 as well as those ifables S3 and Sa the . . .
Supporting Information. Though we considered 22 possibf#> phaséls,e is the electrode potential using the standard
ydrogen electrode as the referebkg,is the standard

structures with co-adsorbed Cl and | {sg@#e SR none of
these turned out to be sigrant. reduction electrode potential for ()he calibrated values of
Figure Gshows phase diagrams of the lowest energy surfacels28 V for 1/2 Gland +0.53 V for 1/2lare used based on

as a function of2% and  for Cu(111) Figure @) and  the experimental temperature of “@) as suggested by
Bratsch?), and the last term accounts for deviations of the

solution from standard conditions using the actydfy/
Using eq 2 the dierence between¥ and 2% in the
syntheses of microplates can be writteq &s

a al 1 & &
o g JETS B¢ eus g

T1n §f°
e nmi (3)

Since the concentrations of Gind P were low in the
syntheses, we simpli eq 3 by taking the activities as the
concentrations, based on the assumption of an ideal solution.
Then, the unknowns i 3are the chemical potentials. We
can estimateZ} in the synthesis of microplates from e
in the Cu nanowire synthesis since the synthetic conditions for
Cu microplates were exactly the same as those for Cu
nanowires except for the small amount.dfrbm ab initio
thermodynamics results for theSCIPSHDA system (also
see the discussion in the Supporting InformatiorT a@nie
S9, we found that a} value ranging fro83.022 td52.738
eV could lead to the growth of nanowffeshe
corresponding range off! was then determined to_ be
S$1.998 t0S1.714 eV usingq 3with the experimentat |
concentration of 100MV.
The short dashed linesHigure 6correspond to the range
of & and {¥values that match the experimental range for
microplate formation. Under the experimental conditions, we
predict that Cu(11l) is covered with 0.33 ML I, while
: . Cu(100) is covered with 0.5 ML I|. Note that HDA is
Figure 6.Equilibrium surface structures on (a) Cu(111) and (b . -
C3(100) asqa function of% and &for xed EFDA-(T)he d(ashe)d Iines( ) physisorbed rather than chemisorbed to both surfaces,

represent the range of possible chemical potentials that correspon@@f1Sistent with experimental results. Decreasing’ the |
the experimental conditions of 49.4 mM HDA, 32.8 mMaad 100 concentration from 100M shifts the short dashed line in

M I°. HDA coverages markedttpdicate physisorbed HDA. CuCl  Figure 6vertically to lower values @f Thus, the system
forms at 3k > S2.43 eV and Cul forms &> S1.80 eV. shifts to a region in which Cu(111) contains 0.5 ML of ClI
(Figure @).Figure ® shows that Cu(100) could exist in three
possible regions at lower valuesi¥f(1) 0.25 ML of co-
Cu(100) (Figure 6) at an intermediate value @f,,. Phase = chemisorbed Cl and HDA, (2) 0.33 ML of co-chemisorbed ClI
diagrams with low and high values{gf (which bracketthe and HDA, or (3) 0.5 ML of CI with physisorbed HDA.
feasible range of HDA chemical potentials) are shown iNanowire formation could occur in regions (1) and (2). This
Figures S17 and Si8spectively. Various regions of HDA, |, is consistent with the experimental observatiéngure 3
and Cl coverages are labeled. Xhady axes inFigure 6 It is of interest to ascertain how varyigfg, changes the
represent the €land P chemical potentials, respectively, atresults irfFigure 6As discussed in the Supporting Information
which solid CuCl and Cul are predicted to form, i.e., CuC(Figures S17 and 31icreasing or decreasirify, within a
forms at 2% > S2.43 eV and Cul forms > S1.80 eV. range consistent with experimental observations for nanowire
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formation could also lead to microplate formation in the CONCLUSIONS

experimental concentration range for iodide. The combination of synthetic results, single-crystal electro-
Figure 75h(1)1""51tg‘e ratio of the surface energies of Cu(111hemistry, and theoretical calculations presented herein
to Cu(100) (**¥ %) for all of the conditions iFigure @8sa  gemonstrates that it is possible for anisotropic growth of
nanostructures to occur even when the shape-directing agent,
in this case®| adsorbs isotropically. This is in contrast to the
case of Cu nanowire growth, which is mediated by the
presence of a HDA SAM on the nanowire sides and the
absence of HDA on the nanowire ends (due to displacement
by CP).2” The presence of HDA on only the sides of
nanowires bears resemblance to the original capping-agent
hypothesis, in which an organic additive selectively blocks
atomic addition to certain facets to cause anisotropic growth.
However, in the case of microplates, ab initio thermodynamics
calculations indicate that both the edges and basal planes of Cu
microplates were covered by chemisorbaad physisorbed
HDA under the experimental conditions. Single-crystal
electrochemical experiments further showhsitaldsorbed

Figure 7.Ratio of the surface energies of Cu(111) to Cu(100) L‘; %OTL‘ V;{é}élc}j 3:‘3 éﬁ?f‘;}cgagit; Thef ltSr?troi)llclc?emltsorptl?Q
obtained froneq 1for the conditions iffigure Gas a function of¥! ; gy of the { } facets on the
and 2. The labeled regions are where nanowires, spherical particlg@sal planes relative to the {100} facets on the edges of the
and microplates are observed experimentally. The dashed liRdCroplates, creating a thermodynamic driving force for
represents the range of possible chemical potentials that correspofiroplate growth.
to the experimental conditions of 49.4 mM HDA, 32.8 mMaGd
100 M IS, METHODS SECTION

Synthesis of Cu NanocrystalsCu nanowires were synthesized
by preparing 15 mL of an aqueous solution containing 16.4 mM
CuChL-2H,0O ( 99.0%, Sigma-Aldrich) and 49.4 mM hexadecylamine
function of ?:?g and f‘gq_ Here, we see that Whef}q is (HDA, 90%, Aldrich) in a 20 mL glass vial and stirring rapidly for 24

su ciently low, there is a region (in or&mge) for which h. Ascorbic acid (50 mM,99%, Sigma-Aldrich) was added to the

100 . 111 Thic | ; : .reaction solution, which was then vortexed for 30 s and placed in a 90
< - This is the region where there is athermodynamléc oven for 17 h to grow Cu nanowires. Cu microplates were

driving fo_rce for the f(_)rmation of_ structures _b_ounded_by {_100};ynthesized by adding the appropriate concentration 0fd9z8%s,
facets (i.e., nanowires). Téeis an additional kinetic Sigma-Aldrich) to the CuEHDA solution above and then following
advantage for {100}-faceted structures in a narrow regidhe nanowire synthesis procedure. Cu nanoparticles were synthesized

where Cu(100) contains co-chemisorbed HDA and Cl, whilgy replacing Cuglin the microplate synthesis with 16.4 mM

Cu(111) contains Cl with physisorbed HUYAAL the Cu(NO;)22.5H0 (98%, Sigma-Aldrich). In this article, the reaction
. . . . S olutions for nanowires and microplates are referred to SCHDA
experimental conditions for microplate formation (mdlcate(ind HDASCISSIS solutions, respectively. The procedures for seed-

by the dashed line)}''is 1.4 times lower thatf’, providing  mediated synthesis are described iStipgorting Information

a driving force for {111} facet formation and microplate All of the products were pied by rst centrifuging the reaction
growth. This thermodynamic driving force helps to exp|aiﬁ0|uti0n for 10 min at 1500 rpm and discarding the supernatant. The
why the rate of atomic addition to Cu(100) is 2.5 times fastdgolated Cu nanocrystals were then washed sequentially with isopropy!

. S alcohol (IPA), hexane, and a solution containing 40% IPA and 60%
than that to Cu(111)Kigure 8). Additionally, adsorbed | deionized water by volume. The suspensions were centrifuged at 1500

might aect Cu surface dision, so that the {100} microplate rpm for 10 min between each wash. Images of the Cu nanocrystals
sides become a sink for wding Cu atoms. A similar were taken with a scanning electron microscope (SEM, Apreo S,
mechanism was recently proposed for the growth of Afhermo Fisher Scientj and FEI XL30, SEM-FEG) in the Shared
nanowire€® This role of surface dision may also explain Materials Instrumentation Facility at Duke University. Scanning
why the aspect ratio of the microplatel] is larger than the transmission electron microscopy (STEM) and selected area electron

. . . : ) di raction were performed with the ThermoFisher Tit&8GED
- ﬁ%) (111) — - P . . .
Jmp ratio of the Cu single-crystal electro Aifp™ = 2.6). scanning transmission electnmicroscope in the Analytical

When gk and ¥ are both low, both surfaces are coveredinstrumentation Facility at NC State University. The samples for
by HDA and ¥ 100 1. In this region of concentrations/ imaging were prepared by resuspending thegproducts in IPA
chemical potentials (upper right cornefigfire J, there is ~ and drop-casting onto silicon wafers. X-ragaation (XRD,
no strong driving force for either surface, consistent with tHgANalytical Xert Pro MRD) was performed to check the crystal

. . . . . structures of the products.
formation of spherical particles in the absencé ah@F in Electrochemical Measurements.Procedures for electrochem-

solutiorr.” For reference, the computed surface energy ratio fQfa| measurements have been reported in our previoti&Stuty.

the bare Cu surfaces 187 1 0.91, which indicates that electrochemical measurements were performed with the same
HDA and CI adsorption lower¥® more than % while | solutions used for the syntheses of Cu nanocrystals, and the
adsorption lowersg*! more than %2 We note thaFigure 7 electrolyte temperature was kept af®Qusing a water bath. A

; : ) supporting electrolyte (0.2 M KKNO99%, Sigma-Aldrich) was
could be used to predict Wubhapes for single-crystal additionally added to the solutions to remove agtseof solution

egu'l!b”um structures. In thg present study, however, We_ he%%istance on the electrochemical measurements. Electrochemical
kinetic structures arfdgure 7illustrates the thermodynamic measurements were performed using a CHI600D potentiostat (CH
driving forces for these structures. Instruments, Inc.). A three-electrode system was used in this study,
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consisting of Cu single-crystal or polycrystalline electrodes as thathors
working electrode, a Pt wire as the counter electrode, and a Ag/AgClMyung Jun Kin$ Department of Chemistry, Duke University,
reference electrode. Before each measurement, the working electrode Durham, North Carolina 27708, United States; Department

was mechanically polished with alumina particles (1.0 and, 0.3 . . . . .
Buehler) on Nylon pads. The Cu(111) and Cu(100) single-crystal geApﬂgllIiidosggglfgyc’:icli)él:g%goeota-o%r(l)gg(s)g)é-zggfm 17104,

electrodes were subsequently electrochemically polished by applyin ~ ; . .
1.6 V (vs Pt wire) in phosphoric acid (85%, Acros Organics). Between ﬂ/lulya A. Crus Department of Chemistry, Duke University,

each polishing step, the electrode was washed with deionized water. Durham, North Carolina 27708, United States

Linear sweep voltammetry (LSV) with the Cu single-crystal Zihao Chers Department of Chemical Engineering, The
electrodes was conducted by sweeping the potential from 0.12 to Pennsylvania State University, University Park, Pennsylvania
$0.25 V (vs Ag/AgCl) at a scan rate of 1 mV/s. After adding ascorbic 16802, United States

acid to the CéHDA‘ha“de SOIUtiOnS, the eleCtrolyteS wWese Heng Xué Department Of Chem|stry’ Duke Un|Vers|ty,
heated to 90C for 2 min. Then, the single-crystal electrodes were Durham. North Carolina 27708. United States

immersed in the electrolyte. After 3 min, the reference and counter ;. & . . .
: ; ’ icah BrowrS Department of Chemistry, Duke University,
electrodes were immersed in the electrolyte, and LSV was started afteMDurham, North Carolina 27708, United States

an additional 2 min. The collected cuBpntential curves were
replotted on the log scale gi%g.g, Tafel plot) to extract the currenComplete contact information is available at:

density at mixed potentigy. o _ https://pubs.acs.org/10.1021/acs.chemmater.0c03596
DFT Calculations. The Vienna Ab initio simulation package

(VASP) with the projector augmented-wave method was used for gl -

DFT calculations in this w&?ﬁ.ﬁzewo The generalized gradient Althor Contributions . .
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