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ABSTRACT: Chiral surfaces are ofrgwing interest for S
enantioselective adsorption and reactions. While metal surfagg
can be prepared with a wide range of chiral surface orientatig
chiral oxide surface preparation is more challenging.
demonstrate the chirality of a metal surface can be usec
direct the homochiral growth of a thinlm chiral oxide.
Specically, we study the chirdR9’ copper oxide, formed by
oxidizing a Cu(111) single crystal at 650 K. Surface struct
spread single crystals, which expose a continuous distributio
surface orientations as a function of position on the cryst
enable us to systematically investigate the mechanism™0
chirality transfer between the metal and the surface oxide

with high-resolution scanning tunneling microscopy. We discover that the local underlying metal facet directs the orien
and chirality of the oxide overlayer. Importantly, single homochiral domains dB@feoxide were found in areas where the
Cu step edges that templated growth weg9 nm apart. We use this information to select a Cu(239 241 246) oriented sin:
crystal and demonstrate that 29" oxide surface can be grown in homochiral domains by templating from the subtle chire
of the underlying metal crystal. This work demonstrates how a small degree of chirality induced by slight misorientatio
metal surface (1 sites/20 nni) can be amplied by oxidation to yield a homochiral oxide with a regular array of chiral oxic
pores ( 75 sites/20 nM). This o ers a general approach for making chiral oxide surfaces via oxidation of an appropri
“miscut metal surface.

KEYWORDS:chiral amplcation, thinlm oxide, oxidation, copper d¥@8epxide, scanning tunneling microscopy

the structure of biomolecules, such as amino acids aetirality to adsorbates, wice versas well as using chiral
DNA, to pharmaceuticafs. The e cacy of many of ~arrays of molecules to impart enantioselectivity to act
the highest valued drugs is dependent on their chirality arstirfaces’>°
enantiomeric purify. Synthesis often involves making a While the atomic-scale structure of chiral metal surfaces
racemic mixture of the drug and then separating the twii€ir enantiosped interaction with molecules is fairly we
enantiomers, which can be a time-consuming and expensiglerstood, only a handful of chiral oxides are known and
part of this $1.2 trillion indusftrhis has led to great interest Preparation and structuraletermination is challeng-
in enantioselective reactions that eliminate the need f#ig- "> >°> Work by Switzeet al demonstrated that a
product separations and most recently the potential for
enantioselective heterogeneous profeésseékoward this  Received: January 15, 2020
goal, surface science has played a crucial role in developing/ouepted: March 18, 2020
understanding of enantioselective surfaces and the interactigiglished: March 18, 2020
between molecules and surfaces, which enables a more
complete understanding diet fundamental connection
between surface structure and enantiospleehaviot™>>°

Chirality plays an important role in areas ranging fronThis approach has been used to study the transfer of su
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Mirror Plane

Figure 1. The'29" oxide has a chiral pore structure with long-range order. DFT-based structures are given in panels A and D, showing the
two di erent chiralities of thé29” oxide with the unit cells highlighted. The black spheres indicate oxygen adatoms, and the red and gray
spheres represent O anions and Cu cations, respectively. The pink spheres represent the Cu atoms on the underlying Cu(111) surface. The
black rings in A highlight the six hexagonal rings that comprise the unit cell. The computational details of this structural model are described
in our previous work® STM images B and E correspond to the chiralities depicted in A and D. The dotted line represents the mirror plane
and corresponds to the horizontal close-packed direction of the Cu(111) lattice. The scale bars in B and E are 2 nm in length. C and F
display LEED patterns of surfaces that are predominantly single and opposite chiralities 28'toide.

Figure 2. STM images of all six rotational orientations and enantiomers 62&exide structure that are found on the Cu(111) surface.
Marked with green arrows are the directions of the long side of the unit cell, relative to the close packed [101] direction of the Cu(111)
surface: A 22 B 142, C 262, D $22°, ES142, F $262. The close-packed direction is consistent across all images. The scale bars are 10
nm in length. The two enantiomers of th29" oxide are dened by the sign of the angle formed between the unit cell and one close-packed

direction.

chiral oxide can be obtained by electrochemically depositinghee chirality of the tartrate ions in the deposition sofffith.
copper oxidelm from solutions containing chiral species suctOther templating work includes pulsed laser deposition
as tartaric acid. The chirality of the depositediepends on  experiments performed by Salvatla in which a chiral Pt

4683 https://dx.doi.org/10.1021/acsnano.0c00398
ACS Nan®020, 14, 46834688


https://pubs.acs.org/doi/10.1021/acsnano.0c00398?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c00398?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c00398?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c00398?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c00398?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c00398?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c00398?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c00398?fig=fig2&ref=pdf
www.acsnano.org?ref=pdf
https://dx.doi.org/10.1021/acsnano.0c00398?ref=pdf

Im was grown over a chiral Sr{821) surface. The chirality and S262 oxides. The structures with positive (counter-
of the substrate surface was imparted to the Pt’layer. clockwise) and negative (clockwise) angles are enantiomers of

Herein we describe a system in which oxidation of a metahch other.
surface with a low density of chiral kink sites exhibits direct Templated Growth of Chiral Oxides on the Curved
and robust chirality transfer and aroption during the  Cu(111) Single Crystalln order to determine whether the
formation of a homochiral surface oxide This eect is orientation and chirality of th29' oxide domains are related
demonstrated with the well-ded“29" surface oxide, which to the structure and chirality of the underlying Cu surface, we
is intrinsically chirdi®** High-resolution scanning tunneling performed STM measurements to determine how each oxide
microscopy (STM) enables us to correlate the chirality of thdomain on the’E was related to the local facet orientation of
“29' surface oxide with its position on a surface structurthe underlying Cu surface. Because all terraces on the Cu(111)
spread single crystal@$ and hence its relationship to the S'C surface areat (111)-oriented planes, and are hence
underlying Cu{k) facet:“ These & crystals have spherically achiral, the step edges, most of which contain chiral kinks, are
shaped surfaces that expose a continuous distribution of step only features that can play a role in templating the
and kink combinations, or microfacets, as described elggientation and chirality of th29' oxide Im. Therefore, we
wheré'? In order to expose these microfacets, single crystasquired STM images at a number of positions spanning the
are purchased and then polished to have a shape that min®8 in order to probe the impact of all step and kink
the top of a sphere. The preparation of these crystals allows éombinationsig, local orientations of the underlying Cu
exposure of all possible face centered cubic crystallograpmicface) on the orientation and chirality of“@# oxide.
surface orientations with just a few single-crystal samples. Thigure 3shows STM images obtained at 12rdnt points
approach allows us to probe how the subtle chirality of the step
edges on a Cu(111¥¢S will template the growth of a
homochiral29’ surface oxide. We go on to demonstrate that
by selecting a subtigniscut crystal vicinal to Cu(111), it is
possible to grow a single homochiral domain t#%hexide.

Structure and Orientation of the “29” Copper Oxide
Film. The unit cell of the GO/Cu(111)-like layer consists of
six hexagonal oxide rings made up €O bonded
networks (se€igure A), with ve of the six rings having an
oxygen adatom in the center. This structure forms in large
well-ordered domains when the Cu(111) crystal is exposed to
a saturation (900 L) dose of oxygen at 630THis oxide is
known as thé29' oxide because it has a unit cell 29 times
larger than that of a clean Cu(111) unit cell. Full details of the
STM appearance and structure of'#® surface oxide have
been described in detail elsewfieiecause the lattice
vectors of thé29' oxide do not coincide with the high-
symmetry directions of the Cu(111) substrate, the oxide can
grow in two dierent enantiomeric forms with respect to the
underlying Cu(111) latticEigure A and D show the DFT-
derived unit cell model of th2d' oxide, with the dotted line

between the two images representing the mirror plane of theyyre 3. Local orientation of the coppefCSdictates the local

“29' oxide, parallel to a close-packed direction of the Cu(11Xyrientation and chirality of th¢29" oxide. A chart in the center

substrate. STM images taken of this suFfacee B and E, shows the dierent oxide orientations and chiralities at drent

show examples of the twoeidtent enantiomers of the oxide locations around the’€. The inner circle shows the step type of

that match the DFT-based unit céligure € and F show  that area of the crystal with A and B steps and the supersdipt (

the corresponding LEED patterns for these enantiomers. Bothdenoting the kink type in that area. The chirality of the oxide is

the DFT-based and the STM data reveal that the long axis @noted with blue (+) and with red) angle values. STM images

the “29" oxide unit cell is rotated 2ftom the close-packed of the 12 representative areas are displayed on the outer cn_rcle. AII

Cu(111) lattice rendering it chiral. scale bars are 5 nm. The inset table emphasizes the relationships

. between step type and oxide chirality. The unit cell is shown for

Due to the 3-fold symmetry of the underlying Cu(111),,ch sTMm image.

surface, each chirality (#2&hd S22°) of the oxide exhibits

three rotational domairisgure Zhows STM images of all six

di erent orientations of tH29’ oxide that can form on at around the central (111) pole of tHf€ SThe inner circle of

Cu(111) surface due to the two enantiomers (denoteyl +, Figure 3lists the type of step edges found on the bare Cu

of the“29’ oxide aligned with three equivalent directions orcrystaf**® Because the Cu(111jCSsurface is polished in a

the 3-fold symmetric substrate. Each chiral unit cell is rotatebme shape to expose a continuous distribution of surface

22 from the close-packed directions of Cu(111). Tleeedit orientations, straight, close-packed step edges aligned with the

orientations of the oxide are claskiby the angle formed high-symmetry directions of the crystal are either (100)

between the oxide and the [101] close-packed direction. Weeferred to as A type steps) or (110) oriented steps (B type

refer to one chirality of the oxide as the®°+2242, and steps). For steps to run in a low-symmetry direction they must

+262 oxides, and the opposite chirality asS@®, S142, incorporateR or Skinks and hence expose chiral microfacets.
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The combination of step type and kink type alternate aroungle cannot image during oxidation, previous work on the room-
the crystal as seenfigure 3 The outer circle dfigure 3 temperature oxidation of Cu(111) surfaéé$ has shown
shows representative STM images of2@ieoxide taken at  that oxidation starts at step edges and cigpntlly refacets the
multiple locations around the (111) pole ranging from 0.5 tatep edges, in our case into low-symmetry directions that are
1.5 mm from the center with terrace widths between 5 and 2fligned with the unit cell of the chit2®’ oxide. The exact
nm. The 3-fold symmetry of tHt€3eads to three equivalent mechanism of this step refaceting is unclear, but we
orientations for each chiral microfacet, for example an A typgpothesize that it could be driven by“g# Cu oxide if it
step that incorporates kinks of a particular chirajtig, is has larger penalties for variations in the stepped-kinked
denoted R as seen iffigure 3 structure than the Cu metal surface.
The column at the centerféjure Jeveals the correlation Analysis of Step Density on Oxide Templating.While
between the step type ¢AB), the chirality of the steR(vs  the above conclusions are valid for areas ofGha &hich
9, and the chirality of the oxide {3S). If, for example, one  the step density was somewhat high (terraces widxinsn),
changes the kink typ® (o0 S of an A-type step edge, the we systematically studied other areas of'€hén Drder to
oxide will ip its chirality (+ toS). Perhaps slightly less investigate the ect of step density on chiral oxide templating.
intuitively, if one compares an A-type stepRikihks with a Imaging the very large terraces (>20 nm) at the (111) pole of
B-type step withR kinks, the chirality of the oxide in each the SC after oxidation yielded areas that have long-range (>50
region will be opposite (see the centé&i@fre }. The origin - nm) order of a single oxide orientation/chirality, as well as
of this direct templating ect can be understood if one areas with several elient oxide orientatioriggure & shows
considers the orientation of the step edges in thesendi 3 Jarge STM image that covers2@00 nnd, comprising just
regions. After oxidation, the step edge orientation alwayge large,at 160 nm terrace, and no step edges. This area
matches the orientation and chirality of the oxide formed iggntains two dirent orientations of tHe9' oxide. Farther
that region. _ _ _ from the (111) center of thé@ the step density increases,
Local Step Edge Refaceting during the Formation of  |eading to smaller terraces (<10 fifip most of the STM
the “29” Oxide. In an attempt to further understand the
templated growth of t29' oxide, the local structures of the
step edges were studied before and after oxidation, as displayed
in Figure 4Figure A shows step edges on the clean Cu(111)

Figure 4. During oxidation, the Cu steps refacet to run along

directions* 22° from the high-symmetry direction of the (111)

lattice with an orientation closest to the original step direction.

This leads to transfer of net step chirality to the chirality of the

oxide. A derivative STM image taken of the step edges of‘tbe S

before (A) and after (B) the oxidation process. The scale bars in A

and B are 20 nm. The bottom panel represents a terrace and step ) ]

edge before oxidation (|eft) and after oxidation (r|ght) The step Flgure 5. Eect of local Cu surface facet on the orientation and

edge on the right is refaceted by the formation of 86" oxide. chirality of the CyO Im. The histogram shows the percent match
of the “29" oxide orientation and chirality with local facet as a

function of terrace width. The scatter plot above shows the

substrate that correspond to the schematic below the STN)I”szber_Of tim;]as ea?hr:eirac(e ‘)"’idth WI?S( observeanhhe inset ?hOWS
image. The steps in the STM imag@igure A run roughly 2 Side view photo of the’S. (A) “Smalt (terrace widths >5 nm

: : : . TM image taken at a radius of 1 mm from the (111) pole. (B)
parallel to gach pther and in the direction dictated by the loc lerivative“medium’ (terrace widths between 5 and 20 nm) STM
sur_faC(_a orientation. The steps themselves, however, mean ge taken at a radius of 0.5 mm. (C) Derivatilarge (terrace
which is typical for clean metal surfaces that undergo thermgliihs <00 nm) STM image of a single terrace, obtained at
roughening during the annealing step of their prep&ration. the(111) pole of the crystal. The scale bars are 5 nm in A and 20
contrast, after oxidation, STM imaging reveals that the step® in B and C. The white arrows in the STM images denote
straighten after tH29' oxide formationKigure 8). While monatomic steps, whereas the green arrows show step bunches.
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images taken at similar distances from the center of the crystal
to the area ifrigure B, smaller terraces (<20 nm) of single
oxide domains exist. Not all the step edges, however, have the
same orientation of the oxitiéggure B shows examples in
which an oxide domain is surrounded by steps exeni
orientation, and hence it can only align with one of the steps.
By moving farther from the center of @ $e terrace width
continues to decrease and regions of oxide and step edges
orientated in the same direction become more common. These
terraces, shown igure B\, are between 5 and 10 nm wide,
and the oxides on adjacent terraces almost always have the
same orientation and chirality. The histograrhigore 5
guanties the inuence of step density on oxide templating;
>700 STM images were analyzed, and the oxide orientation
with respect to the step edges is plotted as a function of terrace
width. Figure 5shows a strong oxide templatingce for
terraces 20 nm. Increasing terrace width above 20 nm leads
to more random oxide orientations.
In order to demonstrate that the chiral templatiagt&an
be used to direct the macroscopic growth of just one chirality
and orientation of th&®9" surface oxidelm, we selected a Figure 6. Oxidation of a vicinal Cu(239 241 246) crystal (18 nm
Cu(239 241 246) single crystal that is orientédfi@m the terrace widths) showing predominant formation of a just one
[111] axis and has step edges running parallel to thitational orientation of the homochir&i29" oxide. The LEED
orientation of the oxide with terrace widths of 18 nm. DudMages are from derent areas across the oxidized Cu(239 241
to the slight miscut of the crystal, this surface has bnly 46) crystal and show a single orientation of 28" oxide across

. - . - . the surface with the exception of the center and one edge. This is
chiral kink per 20 n?‘r(lD kink density of 2 kinks/1.6 nm due to Af ion sputtering induced damage of the center of the

along the step edge), while tA@ surface oxide has 75 chiral ¢ystal during cleaning. A photograph of the Cu(239 241 246)
pores per 20 ninTo test our hypothesis that control of the crystal is inset in the top right of thegure.

facet of the underlying Cu metal surface would direct the
macroscopic growth of just one orientation and chirality of the
“29' oxide, we used LEED to examine the oxide orientatioh
and chirality of the oxide over the whdlecnf single crystal.  We have demonstrated that the orientation and chirality of a
Figure éshows that only one chirality and orientation of thesingle-layer thinlm “29’ surface oxide can be controlled by
oxide is present at most points on the crystal. the local orientation and structure of the underlying Cu surface
Unfortunately, the center of the crystal produced LEEefore oxidation. Th&29' surface oxide exists in two
patterns consisting of multiple orientations/chirality of theenantiomeric forms, with each chirality having three equivalent
oxide as seen Mgure 6 This became progressively worseorientations due to the 3-fold rotational symmetry of the
over time, and the results are consistent with an inhomogeu(111) crystal. Using &CSallowed us to systematically
neous ux of A¥ ions during sputter cleaning treatments thatinvestigate how the local Cu surface orientatioerined the
lead to the center of the crystal being sputtered awayxide growth. We discovered that the chirality of the
preferentially, as can be seen visually in the ifsSgtiaf 6 underlying Cu surface could be used to template fairly long-
Given that the Cu(239 241 246) single crystal is only a 0.7range homochiral growth of the oxilhe with terraces up to
miscut from the achiral (111) orientation, very little materiap0 nm wide showing a predominance of just one enantiomer
needs to be removed to destroy the homochirality of the Cand rotational orientation of the oxide. Our data also revealed
crystal, as is observed in our experiments. For example,that the chiral templatingeet can be understood in terms of
order to transition from the ©.thiscut crystal surface that the direction of the local step edges which align with the
exposes just one chirality of kink to a surface that exposes thentation of thé29’ oxide on the associated terrace.
opposite chirality kink, one must reorient the Cu(239 241 Given that oxidation starts at step edges on the Cu surface
246) surface by P.4The width of the misoriented area in the and that they become sigmintly refaceted during oxidation
center of the crystal is5 mm wide; so to expose an in a direction that aligns exactly with the oxide orientation, it
appreciable number of kinks of opposite chirality, geometfollows that the oxide forms in the orientation that is closest to
cally one would have to sputtér.14 mm into the crystal at the original direction of the step etfgerevious studies have
this point. Assuming a sputter yield of 3 Cu atoms ejected p@emonstrated the existence ofwint chiral domains on a
Ar* under our typical cleaning conditions oA2at 1.5 keV,  “29’ oxide surface. However, the driving force behind the
we estimate that it would tak200O h of sputtering to create formation of these domains was not understéodur
such a defett.This equates to2 h per day of cleaning and is systematic study lends insight into this process by emphasizing
in agreement with the total duration of the cleaning treatmenthe direct correlation between local underlying metal surface
used over the past 2 years. facet and homochiral oxide domain orientation. We demon-
Nonetheless, this growth of a homocti@ilsurface oxide strate that the relatively small number of chiral kink sites on
on the Cu(239 241 246) surface serves as a proof of princighee steps of a Cu(239 241 246) crystal are enough to direct the
of our hypothesis that controlling the subtle chirality of a metédomochiral growth of the oxide. This chirality transfer between
surface with nanoscale chiral facets can be used to templaterttegal surface and thitm oxide may in fact be general and
growth of oriented, homochiral oxides at the macroscale. therefore enable a range of oriented homochiral Ithin
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