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ABSTRACT: Synthetic control of nanocrystal shape is often achieved®bys, No Citrate _ Citrate y
controlling the crystal structure of the seed crystals as well as through thg us & / —
additives that are thought to block atomic addition to certain facets. Howevgy, Seed with Defects  R=102
the e ect of the crystal structure or additives on the rate of atomic addition to a R = _Growth o p
specic facet is not usually quaeti, making it dicult to understand and gim= Crowth it / ‘
design nanocrystal syntheses. This article combines single-crystal /electrorlocirate, | itrate__, 4
chemistry measurements with measurements of anisotropic nanocrystakgro " J v
to quantify the roles of citrate and planar defects in anisotropic atomic additien, ‘ \

Citrate lowers the rate of atomic addition to Ag(100) and Ag(111) sifigi&®’ Sude Lo See AR

crystals by 3.2 and 15 times, respectively. Citrate decreases the rate of ascorbic

acid oxidation in a facet-selective manner, but citrate decreases the rate of silver ion reduction to roughly the same extent
Ag(100) and Ag(111) single crystals. The degree to which citrate passivates single-crystal electredésciattei
concentrations closely matches the facet-dependent growth rates for single-crystal seeds. In contrast, seeds with planar defects e
anisotropic growth that is 3000 times greater than can be explained by the facet-selective passivation by citrate. Without citrate,
more silver deposits on the edges of seeds with planar defects than in the middle, but the seeds do not exhibit anisotropic grow
Evidence suggests that citrate improves the stability of nanoplates bounded by large {111} facets by uysievetdifitldi

facets.

INTRODUCTION solution phase synthesis®®> One common hypothesis for the

Silver nanocrystals are useful materials for catilysigace- role of these additives is tr;at they adsorb to and block atomic
. . i ; 135 44 . .
enhanced Raman scattering (SERSlectronic&® *? and addltlon.to. certain facéts: Despite many previous
biomedical applicatidris'® due to their unique surface mechanlstlc s';udles of nanostructure g_rovvth, it has proven
chemistry, excellent plasmonic properties, high conductivifli, cult to provide a clear test of the capping agent hypotheses
and good stability. The versatility of silver nanocrystals is duéth synthetic studies algfié?*> ' The facet selectivity of a
to the dierent nanocrystal shapes, and thus nanocrystehpping agent is often qualitatively deduced from the shape of
properties, that can be created with solution-phase synthegsstal nanocrystals formed in a synthesis. However, it is
For example, the absorption of infrared light by silvedi cultto tell whether an additive is an activator or passivator
nanoplates with high aspect ratios enables their use fiom synthetic studies. For example, metal nanocubes could
photoacoustic imagiftf.’” Long, thin silver nanowires are form as a result of an additive acting as a passivator of atomic
excellent materials for transparent conduding because addition to {100} facets or as an activator of atomic addition to
they reduce the cross-sectional area of silver required {tb11} facets. The role of impurities, such as iodide in
achieve a conducting path while also reducing the ligietyltrimethylammonium bromid® 2 or chloride in ethyl-
scattered per unit cross sectiofi! Silver nanocubes and ene glycal® *° can also complicate studies of texieof
nanowires covered mostly by {100} facets exhibit highe{dditives on anisotropic growth. In many cases, there is no
catalytic selectivity for giéne epoxidation than silver estaplished quantitative relationship between the amount of
nanospheres covered mostly by {111} fatetsSilver capping agents added and trexon the facet-selective rate

nanooctahedra enclosed by {111} facets exhibit higher actiVily 5tomic deposition. Ideally, one could design a synthesis to
for plasmon-enhanced hydrogen evolution than silver nano-

cubes® These examples demonstrate that shape-selective

nanocrystal synthesis is critical for tuning the properties 6fceived: July 16, 2021

silver nanocrystals so that these materials may be designe§%y/sed: October 6, 2021

solve a particular problem. Published: October 19, 2021
The primary means by which control of nanocrystal shape is

achieved is through the addition of organic additives (e.g.,

citrate and PVP) or inorganic anions (e.g.a@d Br) to a
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produce a desired nanostructure shape, but the curreft00} and {111} facets to silver cuboctahedra seeds. In

understanding of the surface chemistry that results in @ntrast, seeds with planar defects exhibit a rate of anisotropic

particular shape is not stient to enable such rational design. growth 30 100 times higher than can be explained by the

Instead, the development of metal nanostructure synthedaset-selective passivation of citrate. Without citrate, seeds with

largely proceeds through trial and error. planar defects had thicker edges but did not exhibit anisotropic
Citrate is used as a reducing agent, colloidal stabilizer, agebwth. We present evidence that suggests that planar defects

shape-directing agent in the synthesis of silver nanocrysatalyze the deposition of silver atoms while citrate prevents

als?®>"*® As citrate is usually used to produce silverthe di usion of silver atoms to {111} facets, resulting in a rate

nanocrystals enclosed by {111} facets, such as silver nanbanisotropic growth 2 orders of magnitude greater than

plates, decahedra, and octahedra, it is thought that citrate isigh single crystals.

capping agent for {111} facets, i.e., that it gi adsorbs

to {111} facets and prevents atomic addifioir® Theoreti- EXPERIMENTAL SECTION

cal studies indicate that citrate has a higher bindiity for

: ; Materials. A polycrystalline silver electrode (3.0 mm in diameter),
E\lll}thth%@,ﬁéﬁ)o} facettsh’ sdupportlrt]g t?](_e hcagplgaagenzti silver silver chloride reference electrode (1 M KCI), and a platinum
YPOWNESIS. owever, the degree to which citra counter electrode were purchased from CH Instruments. Single-

the rate of atomic addition to {111} or {100} facets has yet tq;ystaj silver electrodes were made from single-crystal silver disks (3.0
be quantied. In some cases, citrate has been used to grayin in diameter) purchased from Princeton Saeftach silver disk

silver nanocrystals enclosed by {100} facets, cgfigci  was rst attached to a copper wire from one of thésdiskround
pentagonally twinned nanorods from decahedraP$éeds. surfaces with a conductive silver epoxy adhesive (Epoxy Interna-
this case, the presence of twin defects may have promoted tihgal). The connected silver disk and copper wire were mounted in a
observed an|sotrop|c growth |ndeed’ the presence of plam}yether ether ketone (PEEK) sheath with a therma”y conductive
defects (twin planes and stacking faults) is thought to a\lj?f'd e'e.c”'?a”yh'”su.'a“l”g (Fﬂmlndl (Strong-Bond |53' Epoxy
contribute to the anisotropic growth of silver nanoplates gro pternational). The single-crystal electrodes were left to cure at

. . 1631, ; room temperature for at least 24 h before use.
with citrate’ It is at present unclear to what extent the thylene glycol (EG, 99%) was obtained from J.T. Baker. Acetone

anisotropic growth of structures such as nanoplates is cauggfl perchloric acid (HCIO 70%) were obtained from VWR
by planar defects or capping agents such as citrate. Chemicals BDH. Silver moroacetate (GEOOAg, 98%), sodium
To quantify the roles of additives and defects in anisotropii uoroacetate (GEOONa, 98%),-ascorbic acid (AA, 99%),
growth, we rely on the fact that the process of metadodium citrate dihydrate (}GA2H,0, 99%), triuoroacetic acid
nanocrystal growth is electrochemical. Metal nanostructuf@F:COOH, 99%), polyvinylpyrrolidone (PVP, MW = 29,000), and
growth involves the oxidation of a reducing agent (e.golyvinylpyrrolidone (PVP, MW = 55,000) were obtained from
ascorbic acid) and reduction of metal ions. Assuming that thpigma-Aldrich. Silver nitrate (AgiNQitric acid (HCA, 99%), and

ium chloride (NaCl) were obtained from Fisher Chemical.
redox process occurs at the surface of the metal nanostructu fum hydroxide (NaOH), sodium borohydride (NaBEind

the rate of th_ls redox process can be determ!ned by performqr;gg;ﬂrogen peroxide ¢B,, 30%) were obtained from EMD Millipore.
electroch_em|cgl measuremé&htElectrochemical measure- Ammonium hydroxide (NJOH, 50%) was obtained from Beantown
ments with single crystal electrodes can be used to t&Skemical. Hydrochloric acid (HCI, 37%) and sodiumdesul
hypotheses for the roles of organic additives and halides rionahydrate (N§9H,0, 98%) were obtained from Acros Organics.
nanostructure syntheses. These measurements have providadmium(Vl) oxide (CrQ 99%) and sodium sulfate (&),

new insights. For example, ethylenediamine was found 98%) were obtained from Alfa Aesar. All the chemicals were used
promote copper nanowire growth by keeping the {111} facet4thout further purcation.

on the ends of growing copper nanowires free of oxidation  CTesl, € APEECAS MBS BACIASS T method
Hexadecylamine (HDA) was found to P?ss'vate bOth Cu(l.o%h modi cationg.4 First, 5 mL of ethylene glycol was added to a
a_nd Cu(111) surfaces equally, but adding chloride selectivelyy | double-neckask preheated at 16C with a 20 cm
displaced HDA from the {111} facets on the ends ofcondenser. A light nitrogen gas was applied above the solution
nanowires, enabling anisotropic gréwkddition of small  for 10 min followed by heating for another 50 min. After this, 3 mL of
concentrations of iodide to an HDA-mediated coppes solution containing 94 mM AgNi@ EG and 3 mL of a solution
nanowire synthesis resulted in isotropic adsorption of iodidentaining 144 mM of PVP (MW = 55,000) and 0.22 mM of NaCl in
on both Cu(] 00) and Cu(111) but anisotropic growth of Cu EG were simultaneously added to #sk at a rate of 45 mL/h. The

microplate§’ For the case of gold nanorods, bromide reaction solution turned yellow immediately after the addition of the
BW solutions and gradually turned clear within 1 h. The reaction

exhibited a facet-selective passivation of {100} facets, , . X
cetyltrimethylammonium did 5Bt ;; ution turned light yellow again at about 5 h and gradually became a

. . .dark yellow color during the next 10 h. At 16 h, the reaction solution
Her_e we apply single-crystal .electrp.chemIStry to quantifyneq dark brown, gradually became greenishnatig turning
how citrate aects the rate of atomic addition to the {111} and ochre at 17 h, indicating that the reaction was complete. The exact

{100} facets of silver. We then use this result to determine th@mpletion time of the reaction can vary between 14 and 20 h. The
extent to which planar defects promote the anisotropic growtbaction was quenched in an ice-water bath, 22 mL of acetone was
of silver nanoplates. Wed that citrate is indeed a passivator added to the reaction solution, and this mixture was centrifuged for 30
of atomic addition to {111} and {100} facets and that it min. The precipitate was washed with 10 mL of deionized water three
passivates {111} facets to a greater extent (by 3.4 times) théq\dltlona_l times be_fore it was dispersed in 5 mL of delonlzed water.
{100}. Surprisingly, the facet-selective passivation of {11T e multiple washing steps ensured that the concentration of either

. . . . ; P or EG in the seed solution was less than 1 nM. The single-crystal
fac;ets_ IS e”?'re'y due to theeet of C'tra.te on asc.orblc. acid seeds were stored in a capped glass vial for less than 2 months before
oxidation; citrate has no facet-selectieeteon silver ion

) . ! -1 g they were used for seed-mediated growth. We did not observe any
reduction. The ratio of atomic addition to Ag(100) relative tochanges in the shape or surface roughness of the single-crystal seeds
Ag(111) single crystals at efient citrate concentrations is over this 2 month period. Single-crystal seeds were previously found
closely corroborated by the rate of atomic addition to theo be stable in water for 3 month®.
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Synthesis of Nanodisks. The synthesis of silver nanodisks was acetic acid, and 0.9 mM sodiumutroacetate, while the other
based on previous publications with slight mwatibns® To start, 3 contained 0.4 mM AA, 1.15 mM toroacetic acid, and 0.45 mM
mL of a 30 mM sodium citrate solution, 3 mL of a 20 mg/mL PVPsodium citrate. The concentrations ofitioacetic acid and sodium
(MW = 29,000) solution, 120 of hydrogen peroxide (30%), and 1 tri uoroacetate were changed foemint citrate concentrations to
mL of a 5 mM silver nitrate solution were sequentially added to 4@xep the pH = 3.6. The suspensions were heated in a water bath at 95
mL of deionized water in a beaker while stirring. After adding 1.2 Mie tor 10 min and then centrifuged at 10,000 rpm for 4 min. The
of a 100 mM solution of sodium borohydride in water, the color Ogrecipitate was washed with 3 mL of deionized water twice and

the reaction solution immediately turned yellow. The reaction the entrifuged at 10,000 rpm for 4 min. The product was dispersed in 0.2
turned orange, brown, dark green, aatly blue after stirring for 90 o . .
mL of deionized water for imaging.

min. The solution was stirred for an additional 10 min aftenahe canning Electron Microscopy (SEM). SEM images were

color change. The product was then collected as a precipitate by’ d with A S . | . Th
centrifuging the solution at 10,000 rpm for 30 min. The product walPtained with an Apreo S scanning electron microscope (Thermo-

washed with 10 mL of water two times and dispersed in 2 mL disher Scientt) operated at an accelerating voltage of 2.0 kV and a

deionized water. The product was used for the synthesis of sinkgam current of 25 pA. The samples were prepared by drofjing 2

nanoplate seeds within 1 day. L of the sample solutions on a piece of silicon followed by drying in
Synthesis of Nanoplate Seeds. The silver nanoplate seeds were air.

grown from silver nanodisks. To start, 10 mL of a 2.4 mM ascorbic Transmission Electron Microscopy (TEM). TEM images were

acid solution, 10 mL of a 3 mM sodium citrate solution, 9 mL ofobtained with an FEI Tecnaf Gwin operated at an accelerating

deionized water, and 1 mL of an as-prepared silver nanodisk solutimitage of 160 kV. Samples were prepared by droppibgflthe

were stirred in a 200 mL beaker. After stirring for 10 min, 10 mL of gsample solution on 300 mesh carbon-coated copper grids (Paci

solution containing 9 mM trioroacetic acid and 4.5 mM sodium  Grid-Tech). The excess solution was removedligitipaper after 1

sulfate was added to slow down the reaction and generate MQfh, and the grid was dried in air before imaging.

uniform nanoplates. The solution was stirred for another 1 min. glectrochemical Measurements. A polycrystalline silver elec-

Following this, 20 mL of a solution containing 0.6 MM silvefioge (3 mm in diameter) was mechanically polished with alumina

tri uoroacetate was added. The solution underwent a piuple owder (0.3 m) to a mirror-like surface before each measurement.

green purple blue color transition, and the reaction was stopped a! he single-crystal silver electrodes were prepared with admodi

13 min. The solution was centrifuged at 10,000 rpm for 4 min. Th . X
precipitate was washed with 5 mL of deionized water and centrifug t&hlng methoff. The Ag(l_OO) and _Ag(lll)_ electro_des (3 mm in
meter) wererst mechanically polished with alumina powder (0.3

at 10,000 rpm for 4 min two times. The precipitate was dispersed in i th dtoh ) lik ‘ Th h of
mL of deionized water and used as silver nanoplate seeds. The sily8} until they appeared to have mirror-like surfaces. Then, each o

nanoplate seeds were used within 1 day for seed-mediated growtfii¥p €lectrodes was dipped in three stirred solutions: (1) chromium
avoid their transformation into quasi-spherical particles. trioxide (0.15 M) and hydrochloric acid (0.1 M) for 1 min, (2)
Seed-Mediated Growth. The seed-mediated growth of single- ammonium hydroxide (50% v/v in water) for 5 min, and (3)
crystal seeds or seeds with planar defects was done in the sdréechloric acid (4 M) for 5 min. The electrodes were thoroughly
manner. For a typical synthesis with 0.45 mM citrate, 2 mL of a 2rihsed with aow of deionized water and dried witlea of nitrogen
mM ascorbic acid solution, 2 mL of a 2.7 mM sodium citrate solutiomas after etching in each solution. The reliability of the etching
2 mL of a 1.15 mM truoroacetic acid solution, and 2 mL of the seedmethod was veed by comparing features of underpotential
suspension werast mixed. For the seed suspension containingjeposition of HS(Figure 5)173 This was performed by purging a
truncated silver nanocubes, 0.05 mL of as-prepared seeds was dilgifigtion containing 0.75 mM sodium geland 0.2 M sodium
to 2 mL with water. For the seed suspension containing silvgjydroxide with a lightow of nitrogen gas for 5 min. A polished
nanoplates, 0.5 mL of as-prepared seeds was diluted to 2 mL Wéﬁ)ﬁgle-crystal silver electrode was dipped into the solution with a Ag/
water. Following the initial mixing step, 4 mL of a 0.6 mM silver, Cl reference electrode (1 M KCI) and a platinum wire counter

tri uoroacetate solution was added. The solution was stirred for .
min and then centrifuged at 10,000 rpm for 4 min. The precipitat%eCtrOde' Cyclic voltammetry (CV) measurements were performed

. S . : tween 1.50 and 0.75 V at a rate of 200 mV/s for the Ag(100)
was washed with 5 mL of deionized water twice and centrifuged Y
10,000 rpm for 4 min. The product was dispersed in 0.5 mL & ectrode and betweerd.30 and 0.8 V at a rate of 100 mV/s for

deionized water for imaging. For syntheses with other citraff® Ad(111) electrode. As showrfrigure Sloxidation of the HS
concentrations, the preparation of the growth solutions can Heecurred only on Ag(111) but not on Ag(100). o
found inTable S1As the pH has anect on the reducing power of The facet selectivity of citrate was measured by performing linear
ascorbic acfd and thus the growth rate, the concentration of Sweep voltammetry (LSV) in the growth solution for the seeds. The
tri uoroacetic acid was changed fagrdit citrate concentrations to  Seed-mediated growth occurred too quickly for electrochemical
keep the pH = 3.6. analysis of the mixed reaction solution (the reaction was complete
Surface Di usion on Silver Nanoplates. The silver nanoplates in 13 min), so the rates of silver ion reduction and ascorbic acid
for surface dusion experiments were grown from silver nanodisksxidation at the mixed potential were analyzed separately, i.e., in
To start, 10 mL of a 2.4 mM ascorbic acid solution, 5 mL of a 0.12olutions containing no ascorbic acid or no silver ions, respectively.
mM citric acid, 5 mL of a 360 mM PVP (MW = 29,000) solution, 5| SV was performed from 0.1 to 0.35 V at a rate of 5 mV/s with one
mL of an 11.88 mM sodium wibroacetate solution, 5 mL of @ 1.92 polished single-crystal silver electrode as a working electrode, an Ag/
mM tri uoroacetic acid solution, 8 mL of deionized water, and 2 mlaqc electrode (1 M KCl) as a reference electrode, and a platinum
of an as-prepared silver nanodisk solution were stirred in a 200 ke 55 4 counter electrode. Each solution was stirred for 2 min before

bgaker. Following this, 20 mL of a solytlon containing 0.6 mM .s'l\“?lfnje electrodes were placed into the solution, and the electrodes were
tri uoroacetate was added. The solution was stirred for 13 min an

then centrifuged at 10,000 rpm for 4 min. The precipitate was Washg(ald n the solution for 2 min before starting _the LSV scan. The
with 6 mL of deionized water and centrifuged at 10,000 rpm for 4 mipPtions were constantly stirred at 500 rpm during the measurement.
four times. The precipitate was dispersed in 5 mL of deionized watkpe concen'gratlons of additives in the solutions that were analyzed
for surface dusion experiments. are summarized irable S2 ) )

The surface dision experiments were done under the same UV Vis NIR Spectroscopy. The UV vis NIR spectra of silver
conditions as the seed-mediated growth except for ¢hende in nanocrystals were measured in agueous solutions with a Shimadzu
temperature and the absence of silver ions. To start, 0.25 mL of th/-3600 spectrophotometer. The single-crystal silver nanocrystals
as-prepared silver nanoplate suspension was mixed witkereva di  were diluted to an absorbance of around 0.5, while the silver
solutions. One solution contained 0.4 mM AA, 0.25 mivbito- nanoplates were diluted to an absorbance of around 0.25.
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RESULTS AND DISCUSSION Our starting set_ads were a mixture of truncated cubes and
E ect of Citrate on the Shape of Single-Crystal Ag cuboctahedra (séé&ure 2 andFigure SR In the absence of

Nanoparticles. To investigate how citrateeats the rate of cirate figure B), almost all the seeds grew to form
atomic addition to derent facets of a silver nanostructure, wecuPoctanedra with square {100} facets and triangular {111}
focus on seed-mediated growth to isolate tketse of facets, indicating &vof about 0.87. In contrast, seeds grew to
additives on anisotropic growth from theieces on  form octahedra in the presence of 0.45 mM citrager¢
nucleation. We start with the seed-mediated growth ¢ic); indicating am equal to or larger than 1.73.
single-crystal nanoparticles enclosed primarily by {111} and'he diameterd of the truncated nanocubes and nano-
{100} facets to rule out ects from planar defects on octahedra was measured along the <100> direction after seed-
anisotropic growth. Depending on the rapdf growth mediated growth to quantify the extent of atomic addition to
along the <100> relative to the <111> directionthe {100} facet_s.zlgure_SC%I!ustrates howd was dened for

_ Growth 10 . ] ) ) each shape. Without cnra_iencreased by_ 11.4. nm (from 64.5
( = 7G,OMQ11P)1 single-crystal seeds will grow into single-+ 6.9 to 75.9 8.0 nm). With 0.45 mM citratincreased by

crystal nanoparticles with efient shapes, including cubes, 67-3 nm (from 64.5 6.9 to 131.8 18.8 nm). The larger

truncated cubes. cuboctahedra. truncated octahedra. dRgrease idforthe 0.45 mM citrate solution further illustrates
octahedra Rigure ).3° Thus, one can use theal shape that the deposition of silver atoms is more favorable on {100}

produced by seed-mediated growth as an indicator of the rafgFets than {111} facets with citrate. The synthetic results

of atomic addition to {111} and {100} facets. demonstrate that the presence of 0.45 mM citrate can increase
R for silver nanocrystals, but the value @étermined from
Cube Truncated Cube ~ Cuboctahedron Truncated Octahedron Octahedron the nanocrystal shape is approximate, and this means of

R=0.58 (R=069 R=087 R=1.15 R=173 approximating does not provide any insights into how citrate

a ects the facet-selective rate of atomic deposition.

We performed surface uion experiments to verify if the
anisotropic growth of octahedra in 0.45 mM citrate was
kinetically controlled by the facet-dependent rate of atomic

Figure 1. Schematic representation of single-crystal nanoparticlgseposmor_'| .rather th‘?‘” thermodynamically Com.m”eq by
formed at dierent ratiosR) of growth along the <100> relative to Surface dusion. The single-crystals seeds were stirred in the
the <111>. Cubes enclosed by square {100} facets fornRwhen following three solutions: (1) 0.45 mM;84, (2) 0.45 mM
0.58. Truncated cubes enclosed by octagonal {100} facets ah#CA with 0.4 mM AA, and (3) 0.45 mM JTaA with 0.2
triangular {111} facets form wherr 0.69. Cuboctahedra enclosed mM Ad'. After stirring for 13 or 120 min, no changes in shape
by square {100} facets and triangular {111} facets formRvhen  were observed (s€&yure Syt This result indicates that the
0.87. Truncated nanooctahedra enclosed by square {100} facets @ﬂﬁ'sotropic growth was due to @dénce in the rate of atomic
e 1) oot formme e 17, cranedra enclosed Y deposition between {100} and {111} facets.

o E ect of Citrate on the Facet-Selective Electro-

chemistry of Ag. We performed measurements on Ag(100)

D E

-0.20
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[Citrate] = 0.45 mlvi
Ag* Reduction on (111) L

-0.15 Ag* Reduction on (111)

Ag* Reduction on (100) /..
L X o

\ .
-0.10 -0.10} Ag* Reduction on (100) 227"

& &
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(] o

< < -
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Figure 2.(A) SEM image of single-crystal silver seeds. (B) SEM image of the silver cuboctahedra grown from seeds with no citrate. (C) SEM
image of octahedra grown from seeds with 0.45 mM citrate. LSV of the half-reactions on Ag(100) and Ag(111) electrodes in (D) 0.00 mM and (E)
0.45 mM citrate.
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Figure 3.(A) j55? and 3" at di erent citrate concentrations. @)growth along <100>/<111>) ari®} (j%% j$sY) at di erent citrate
concentrations. ((E) SEM images of the silver nanocrystals grown from the single-crystal seeds at citrate concentrations of (C) 0.01 mM citrate,
(D) 0.02 mM citrate, and (E) 0.10 mM citrate.

and Ag(111) single-crystal silver electrodes to provide a mdee0.0269 mA/cAand thg:Y is 0.0079 mA/chgiving aml
guantitative measurement of thects of citrate on the rate of of 3.4 Figure E). This value is larger than 1.73 and therefore
atomic addition to derent facets. The single-crystal electro-is su cient to produce octahedra, as was observed from the
des are used as models for the reactions occurring on tegnthetic resultsFigure Z£). Note that 0.45 mM citrate
{100} and {111} facets of the silver seeds. We assume that treluced thg,,, and thus the rate of the reaction, on Ag(100)
overall reaction for seed-mediated growth can be separat®d3.23 times and on Ag(111) by 15.0 times. Thus, wercon

into two half-cell reactions: (1) reduction of silver ion$:2Ag that citrate is a facet-selective capping agent.

2e 2Ag and (2) oxidation of AA to dehydroascorbic acid We performed additional electrochemical measurements and
(DHA): AA  DHA + 2H" + + 2e.”* Assuming that no other seed-mediated syntheses at an intermediate range of citrate
electrochemical reactions are taking place, the current framancentrations (0.01, 0.02, and 0.1 mM) to further examine
these two reactions occurring spontaneously in the reactitme relationship between nanocrystal shapeﬁgﬂ*{dﬁén.

ask must be equal and opposite so as to avoid thehe results from LSVsliigure S@re summarized igure
accumulation of charge. The electrochemical potential &A. Figure & shows thaj;o® remained fairly constant at
which these two reactions are equal and opposite is called thigate concentrations of 0.1 mM or lower but decreased by a
mixed potential Ecnp).74 At the mixed potential, the overall factor of 3 when the citrate concentration was increased to
current is zero because the two reaction currents are equal &5 mM. This result indicates that relatively high concen-
opposite. However, one can measure the current diggksity ( trations of citrate are required to passivate the Ag(100) surface.
for either half-reaction at the mixed potential to determine thim contrastj%él) decreases across the entire range of citrate
overall reaction rate. For spaneous electrochemical concentrations, indicating that Ag(111) is more susceptible to
reactions that are relatively slow, jthecan be extracted passivation by citrate.
from a Tafel plot of (Ig) vs E) obtained from the mixed ~ Figure B compare® (i.e.,j%% j&3Y) to the value oR
reaction solutioff. ®® The seed-mediated growth studied in determined by analyzing the nanocrystal shape produced at
this paper occurred too quickly for electrochemical analysisedch concentration of citrateéigure € E). UV vis NIR

the mixed reaction solution (the reaction is complete in 18pectra for the nanostructure product aerdnt citrate

min), so we analyzed the two half-cell reactions separately. Wémcentrations are givenHigure S7TAGrowth at a citrate
compared reaction rates on Ag(100) and Ag(111) surfaces toncentration of 0.01 mM vyielded truncated octahedra with
measure how citrateezts the facet selectivity of the half- square {100} facets and hexagonal {111} facets, indicating an
reactions. The process for obtaining the current densities fBrof 1.15 Figure &). A citrate concentration of 0.02 mM

the two half-reactions at the mixed potential is described inielded slightly truncated octahedra, indicatifbatween

more detail in th&upporting InformaticandFigure S5 1.15 and 1.73Fgure ®). The 0.10 mM citrate solution

In the absence of citrate, fhgon the Ag(100) electrode yielded mostly octahedra, indicatinfah1.73 fFigure E).
(i599) is 0.0869 mA/cth and thej,, on the Ag(111) These values &agreed remarkably well with the value of
electrodejfis) is 0.1186 mA/c so the ratioR) of j$9% R determined from the electrochemical experiments. For

j%él) without citrate is 0.73Figure D). This value is close to comparison, in the synthesis of pentagonally twinned copper
the estimatedR value of 0.87 from the analysis of the nanowires, the aspect ratio of the nanowires was 4jQ§£ but
nanocrystal shap€igure B). With 0.45 mM citrate, tfig” jmY was 14.7° Likewise, in the synthesis of pentagonally
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twinned gold nanorods, the aspect ratio of the nanorods wasA
about 16 when the ratiojéa}yj}nl,?was about 1%.In both of 13 : , .
these cases, the ratigygf jr was more than 10 times lower 12} ]
than that necessary to explain the aspect ratio of the ;
synthesized nanostructures. However, in the case of seec
mediated growth of the single crysRlsas only about 0.22
smaller thamR between 0.00 and 0.10 mM citrate. The large R
di erences between the aspect ratio and facet-selective =
electrochemical results observed in the previous work may <
be due to the presence of twin defects on the nanocrystals
promoting anisotropic growth. This possibility is examined in
more detail below. ] 7

Ascorbic Acid Oxidation but Not Ag*® Reduction Is 2 : i
Selectively Blocked by Citrate on Ag(111). The single- )
crystal electrochemical measurements provide new insight: 00 & 025 .20 015 010
into how citrate reduces the rate of the reaction on {111} Potential (V vs. Ag/AgC)
relative to {100}. Surprisingly, citrate does not reduce the rate
of Ag reduction in a facet-selective marffigure E shows

that the current from Ageduction on Ag(100) and Ag(111) 13 T , .
is almost identical. In contrast, the AA oxidation on Ag(111) is 121 o e Bl g ensareenserm I (00),
reduced to a much greater extent than on Ag(100). This means 11 ~*  o10mM, (100)
that changes in nanocrystal shapes upon the addition of citrate 1.0 "7 R
are caused by citrate decreasing the rate of AA oxidation to 09 0.01mM,(111) 045 mM, (100)‘:,7'“-
greater extent on {111} than {100} facets. s, 08f e | A
Figure 4further illustrates the ect of citrate on Ag < o7 TR mmd”
reduction and AA oxidation across a range of concentrations ~ 06| e 1
To facilitate visualization, the current density frof Ag 05| N
reduction or AA oxidation with citratfd( or j**) was 2: -~ *
normalized by the current density frorf reduction or AA o2 1
oxidation without citratejs€or jA4). Figure & shows that 01 o4smm, (111) ]
when the concentration of citrate is increased from 0.01 to PP mna.. o i T i w——
. . 0.30 0.25 0.20 0.15 0.10
0.45 mM,jA9/j49 decreases on both Ag(100) and Ag(111), Potential (V vs. Ag/AgCl)

indicating that citrate suppressesréguction. However, the

values ofj*9/jA9 are nearly the same on Ag(100) and
Ag(111), indicating that citrate does not suppres$s Ag
reduction in a facet-selective manner. This is in contrast
MY A4 for Ag(100) and Ag (111) iRigure 8. On Ag(100),

A jo%is around 1.0 at citrate concentrations of 0.01 and 0.10 » o ,
JAn additional insight we can glean from these results is that

mM, indicating no suppression of AA oxidation, but decreas . . _ NG ;
to around 0.4 at a higher citrate concentration of 0.45 mM. Ffpe anisotropic growth of silver nanostructures in this synthesis

Ag(111),*jA* decreases dramatically from 0.8 to arounds not due to the formation of a complex between citrate and

n . !
0.05 as the concentration of citrate is increased from 0.01??' It has been hypothesized that capping agents, such as

; - : ltrate, can potentially cause anisotropic growth by forming a
0.45 mM. This shows that AA oxidation on Ag(111) is muchComplex witrﬁ) A@”W‘yAlthough citrate?nas form a é/omplexg
more easily suppressed by citrate than on Ag(100).

Based on these electrochemical results. we conclude that ith Ag in this reaction, the electrochemical results showing
: : ; : : &t citrate suppresses AA oxidation indicate that citrate
anisotropic growth of silver cuboctahedra into octahedra is d%

Figure 4.(A) Ratio of the current density from*Agduction with

(jA‘f) and without citratejﬁd). (B) Ratio of the current density from
oxidation with jf4) and without citrate j§%). The mixed
tential is indicated with an asterisk.

{0 citrat lectivel ina AA oxidati 111 f fsorbs to the surface of silver. The fact that citrate does not
o citrate selectively suppressing AA oxidation on {111} facels.. . Ag reduction in a facet-selective manner indicates that if

The suppression of AA oxidation on {111} facets apparently ate does complex with*Aguch complexation is not the
decreases the number of electrons available f@dagtion cause of anisotropic growth.

on {111} facets, resulting in a reduced rate of silver depositiong octs of Planar Defects on Anisotropic Growth.

along the <111> direction. This result is somewnhat surprisingjyer seeds can also contain planar defects such as twin
because if electrons from AA oxidation were able to travgbundaries and stacking faults. To investigatestiteoésuch
through the seed crystals toedent facets, then the facet- planar defects on anisotropic growth, we used silver nanoplates
selective passivation of AA oxidation without the facet-selectie@seeds. Silver nanoplates are enclosed by {111} facets on the
passivation of Agreduction should not cause anisotropic two basal planes and a mixture of {100; facets, {111} facets,
growth. This result implies that the oxidation of AA is couplednd planar defects on the sidesKsgare . 861 63 |f planar

to the reduction of Agat the surface of the seeds by, for defects do not sigmiantly contribute to the growth rate on
example, Agaking part in the oxidation of AA or by excessthe side planes, tReof silver nanoplates will be approximately
Ag' ions immediately consuming electrons from AA oxidatiothe same as theof single-crystal silver nanoparticlesRand

on the same facet. determined by electrochemical measurentégts€ B).
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between the growth in edge length and thickness is 0.82

Twin Plane

. without citrate (seEigure 8 andFigure S8A Based on the
Stacking Fault . .
A gelboceedceen geometry of silver nanoplates Rlud silver nanoplates under
Ac%iu COCCRCECT this condition is 0.88R(= 1.06%; seeFigure S%nd the
E e eeee! associated discussion in fhgpporting Informatipn This
R value oRis close to th® of single-crystal silver nanoparticles
Side Plane (0.87) and theR from the electrochemical measurements

(0.719), indicating that the presence of planar defects alone
does not cause anisotropic growth.

Note that the silver nanoplates grown without citrate are
thicker around the edges. The nanoplates grown in the 0.001
mM citrate solution also have thicker edges than the inner
regions of the plates, but the nanoplates are larger and thinner,
with anR of 2.4 Figure € andFigure S8B When the citrate
concentration is increased to 0.004 mMRtloé the silver
nanoplates increases to 2@ (re ® andFigure S8 Under
Figure 5. (A) Simplied schematic of the structure of silver this condition, the nanoplates become uniform in thickness but
nanoplates (nanodisks) in which the basal planes are {111} fac¢t®e edges are not smooth and the shape is not weltdde
and the side planes contain a mixture of {100} facets, {111} facetg/hen the citrate concentration is increased to be greater than
and planar defects. (B) TEM image. of.silver nanqdisks and (Gyy equal to 0.007 mM, the nanoplates grow to be more
HRTEM image of the planar defects in silver nanodisks. triangular or hexagonal in shape with uniform thickness and

smooth edges, and tReof the silver nanoplates is over 45

Figure @& shows a SEM image of the silver nanoplate seeds:igure & H andFigures S8DI and S1R The edge length
UV vis NIR spectra for silver nanodisks and nanoplates atecreases and the thicknedscreases as the citrate
shown inFigure S7BFor the seed-mediated growth of silverconcentration is increased from 0.000 to 0.010 mM, but the
nanoplates in a solution without citrate, the edge length of treglge length and thickness remain the same when the citrate
silver nanoplates increased from 210 to 260 nm and thencentration is increased from 0.01 to 0.45 FRiddire 6.
thickness increased from 9 to 70 nm. Thus, the ratio ( As a result, thR of silver nanoplates increases from 0.88 to

$ R

Figure 6.(A) SEM image of silver nanoplate seedsHYBSEM images of silver nanoplates grown from the nanoplate seeds at citrate
concentrations of (B) 0.000 mM, (C) 0.001 mM, (D) 0.004 mM, (E) 0.007 mM, (F) 0.010 mM, (G) 0.2100 mM, and (H) 0.450 mM. (I) The edge
length and thickness increase after growtheaedi citrate concentrations. RIpf silver nanoplates at elient citrate concentrations.
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Figure 7.(A) SEM image of truncated triangular silver nanoplates before heating. (B) The nanoplates became nanodisks after heating with 0.4
mM citrate, 0.4 mM AA, and 1.15 mMunoroacetic acid in water at*@for 10 min. (C) The nanoplates became spheroidal nanoparticles after
heating in water with 0.4 mM AA, 0.25 mMutfoacetic acid, and 0.9 mM sodiunutrioacetate at 9& for 10 min. The concentrations of

tri uoroacetic acid and sodiumudroacetate were changed foerint citrate concentrations to keep the pH = 3.6. (D)/i$VNIR spectra of

suspensions of the nanostructures i@.A

154 as the citrate concentration is increased from 0.000 tieposition caused by the planar defects results in the
0.010 mM Figure @). TheR at citrate concentrations higher deposition of silver primarily on the sides of the nanoplate,
than 0.010 mM uctuates between 90 and 350 because theesulting in a much larger anisotropic growth than can be
increase in thickness is less than 2 nm, and this causes a sgedbunted for with the single-crystal electrochemistry measure-
change in thickness to produce a large chaRyge in ments.

The R of single-crystal silver nanoparticles (0.88) is To test the hypothesis that citrate slows thesidin of
fairly close to th& measured by electrochemical measureg;yer atoms to {111} facets, triangular silver nanoplates were
ments under the same conditions (0.1147), but ther of heated at 95C in the presence or absence of citrate for 10
silver nanoplates is clearly much larger thaitheolutions min. Before heating, the silver nanoplates were slightly

containing more than 0.004 mM of citrate @83). These . . .
results suggest that citrate selectively passivating AA oxidafﬂ!rwca.ted triangular nanoplatésglre A). After h_eatlng
th citrate, AA, and TFA at the same concentrations used to

on the {111} facets of the nanoplates cannot by itself explaif i _
the much largeR of nanoplates compared to single-crystafake the silver nanoplates Figure 61, the nanoplates
nanoparticles. Since the onlyeténce between the single- became nanodisksigure B). However, the planar nature of
crystal nanoparticles and the nanoplates is the presencethsf nanoplate, with large {111} facets on the top and bottom
planar defects, these planar defects likely contribute to terfaces, was preserved. In contrast, if the truncated triangular
largeR of silver nanoplate§igure 8). However, the results nanoplates were heated with AA and TFA but no citrate, the
also indicate that stacking faults by themselves cannot drsteape of the particles became irregular and rourideds(
anisotropic growth because fhef silver nanoplates without 7C). Figure D shows that the absorption peak of the
citrate is 0.88, close to tte of single-crystal silver triangular nanoplates at 884 nm was shifted to 823 nm after
nanoparticles (0.87) and tli¢ from the electrochemical heating with citrate, while the peak was shifted to 395 nm after
measurements (0.719). heating without citrate. The small blueshift after heating with
The thin middle and thick edges of nanoplates growRiyaie indicates that the anisotropic shape of the nanoplate was
without citrate suggest that the planar defects are accelera 'gr%ely preserved, whereas the large blueshift after heating
the deposition of silver atoms at the sides but that these atom§h t citrat that th lat hed int
can then diuse to the {111} surfaces on the top and bottomVthout citrate comms that the nanoplatés morphed into
of the nanoplates. This dsion creates a gradient of spheroidal partlt_:le_s. Thus, the presence of citrate was necessary
deposition that results in the thick edges and thin middle ¢P Prevent the dusion of atoms to the large {111} planes and
the nanoplate. A possible explanation for the large anisotropf€vent the loss of the planar nanoplate shape. This result
growth observed upon the addition of citrate may be that therovides additional support for the hypothesis that the primary
addition of citrate slows the wion of atoms from the sides mechanism by which citrate enables the large anisotropic
of the nanoplates to the top and bottom {111} surfaces. Witrowth of nanoplates is that is slows thesitin of atoms to
this di usion pathway blocked by citrate, the increased atomft11} facets.
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CONCLUSIONS additional details about experimental measurements

We used single-crystal electrodes to measure the extent to (PDP

which citrate passivates (100) and (111) surfaces. Citrate

decreased the rate of silver ion reduction to the same extent on

Ag(100) and Ag(111) but decreased the rate of ascorbic acid AUTHO_R INFORMATION

oxidation to a greater extent (by 3.4 times) on Ag(111) thaf¥orresponding Author _

on Ag(100). Thus, we can conclude that citrate is a passivatorBenjamin J. Wiley Department of Chemistry, Duke

and that the facet-selectiveat of citrate on silver nanocrystal University, Durham, North Carolina 27708, United States;
growth is due to citrasefacet-selective passivation of ascorbic ~ @ orcid.org/0000-0002-1314-6223

acid oxidation. The concentration-dependent facet-selective Email:benjamin.wiley@duke.edu

passivation of citrate as measured with single-crystal electrggﬁﬁ]or

is closely corroborated by the citrate-dependent anisotropi
growth of single-crystal cuboctahedra into truncated cubocta- , . )
hedra and octahedra, indicating that the facet-selective Durham, North Carolina 27708, United States;
passivation measured with single-crystal electrodes can account © ©r¢id-0rg/0000-0002-8259-5516

for the anisotropic growth of single-crystal seeds. However, tiemplete contact information is available at:
anisotropic growth of seeds with planar defects I)@0 https://pubs.acs.org/10.1021/acs.chemmater.1c02474
times greater than can be accounted for with the single-crystal

electrode measurements. Without citrate, seeds with plamotes

defects exhibit greater deposition on their edges but do n@he authors declare no competingncial interest.
exhibit anisotropic growth. This suggests that planar defects

catalyze the deposition of silver but then the silveredito ACKNOWLEDGMENTS

{111} facets without citrate. Thus, planar defects increase tl?'ﬁis work was supported by NSE Grant CHE-1808108. SEM
rate of silver deposition but do not by themselves contribute LPEM and UV vis prIR spec{roscopy were performed a.t the '
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planar nanoplate shape after heating. Without citrate, heat'{N’l\lCl)

causes the nanoplates to become irregular and spheroidal. '
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