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Abstract 

Ultra-thin and extra-large single-crystalline Au micro-flakes (Au MFs) have a huge potential for 

applications ranging from nanophotonics to catalysis. Yet, wet chemical-synthesis approaches cannot 

access this size range due to the proportionality between growth time, thickness and lateral size. 

Concurrently, complexity and small MFs areas restrict the use of 2D template-based methods. In all case, 

subsequent transfer to a substrate remain challenging. Here, we demonstrate a facile, gap-assisted 

synthesis method that enables on-substrate growth of ultra-thin and extra-large Au MFs. In particular, 

using a 43 μm gap-size between two glass substrates and leveraging the directed-growth effect of halide 

ions, we achieve a high yield (~90%) of Au MFs on glass with lateral sizes as high as 0.25 mm and 

thicknesses as low as 10 nm. Interestingly, up to 25h growth-time we observe a time-independent, ultra-

low average thickness of just 21 nm. A parametric synthesis study and an in-depth material 

characterization provide mechanistic insights into this extreme 2D growth mode. Overall, our gap-assisted 

approach greatly enhances the halide effect and results in a record-high aspect-ratio of ~104. It thus opens 

new opportunities for on-substrate anisotropic growth strategies that would benefit emerging 

optoelectronic and photoelectrochemical devices.  
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Introduction 

Synthesis of nanomaterials with highly-controlled shape and size is at the core of many technologies as it 

grants control over their physical and chemical properties1-2. Among shape-controlled syntheses, 

anisotropic growth of 2D gold (Au) nanostructures, such as nanosheets3-4, nanoplates5-6, and micro-flakes7-

8 is of great interest. Indeed, thanks to their atomically-smooth and well-defined {111} crystallographic 

surfaces, these single-crystalline structures exhibit unique optical9-11 and catalytic12-13 properties. 

Importantly, on-substrate growth of extra-large (lateral size >100 μm) and ultrathin (thickness <30 nm) 

Au micro-flakes (Au MFs) could bridge the worlds of colloidal synthesis and nanofabrication, offering high-

quality metal substrates for plasmonic sensing14, optoelectronic15-16 and (photo)electrochemical13, 17-19 

applications. For example, thanks to their long surface-plasmon propagation distances20-21 and low 

thickness, these Au MFs could be used in high-sensitivity ATR-FTIR molecular detection systems22-23. 

Additionally, they could be leveraged to create arrays of monocrystalline plasmonic antennas with exact 

shape, size and crystallinity24. These are indeed expected to exhibit enhanced photoluminescence 

emission25-26, stronger electric field enhancement7 as well as improved generation of hot electrons27 and 

their ballistic transport to a semiconducting substrate28-29. Overall, the combination of all these qualities 

would play a pivotal role both for fundamental understanding and performance improvement of emerging 

plasmonic devices. Yet, a synthesis method to achieve on-substrate growth of extreme aspect-ratio Au 

MFs is not available. 

  To date, many synthesis strategies have been developed to grow Au MFs by reducing chloroaurate 

(AuCl4−) ions with wet chemical5, electro-chemical30, photo-chemical31-32, and thermal33 reduction 

methods that follow a kinetically-controlled pathway. Yet, a critical disadvantage of these approaches is 

their lack of independent control over the thickness and lateral size of the flakes. This limits the synthesis 

products to rather thick (>100 nm) large-size Au MFs33-35 or ultrathin (< 10 nm) but small-size nano-flakes21, 

36. Recently, it has been shown that, under highly controlled growth conditions, periodical refilling of the 

Au precursor during the synthesis can significantly increase the aspect-ratio (i.e. lateral size over 

thickness) of the Au MFs37. However, the average thickness still proportionally increases with the growth 

time. Thus, breaking the proportionality between the thickness and growth time while promoting 2D 

lateral growth to obtain ultrathin large-size Au MFs remains a challenge (Figure 1a).  

The controlled addition of halide ions (I−, Br−, Cl−) during the synthesis of nanomaterials, including Au 

MFs, has been shown to strongly promote a 2D growth mode38-40. This effect has been attributed to the 

multiple roles played by the halide ions in both the nucleation and growth processes, including surface 

passivation of the Au {111} facets40-42, complexation with the Au precursor43-44, and oxidative etching45-46. 
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However, despite the observed promising effects of halide ions on both morphological yield45 and lateral 

size34 of the MFs, the reported halide-assisted synthesis approaches were not successful in obtaining very-

high (~104) aspect-ratio Au MFs. Thus, while it is known how to promote the lateral growth33-34, 47, there 

is still a lack of understanding and control of the conditions that can suppress the growth in the thickness 

direction. 

Recently, space- or template-confined growth method has emerged as an effective approach for 

synthesizing ultrathin 2D nanostructures.48 Indeed, the confined space restricts the growth in the out-of-

plane direction and also the supply of growth precursors48-49. Confined-growth agents are not only limited 

to soft templates of bilayer liquid crystal micelles21 and vesicles50, but can also be layered 2D materials 

themselves, e.g. graphene oxide51, and transition metal dichalcogenides52. To date, some ultrathin 2D 

metal and metal oxide nano-flakes have been synthesized by using these templates48. However, it is 

challenging to chemically remove the template after synthesis due to the strong interactions with the 

synthesized 2D structures51-52. Very recently, space-confined chemical vapor deposition inside two 

stacked mica substrates has been used for synthesis of ultrathin nanosheets of semiconducting 

compounds that can be easily transferred to any desired substrate53-55. However, this approach still suffers 

from the limited lateral size and low growth efficiency for the grown structures.  

Here, we report an on-substrate gap-assisted synthesis approach that leverages the shape-directing 

effects of halide-ions to achieve high-yield (~90%) of extreme aspect-ratio Au MFs with lateral sizes up to 

0.25 mm and thicknesses down to 10 nm on glass substrates. Interestingly, our statistical analysis of a 

large number of on-substrate grown flakes shows that controlled addition of a combination of Br− and Cl− 

ions under spatial confinement (~43 µm gap) has the most significant effect on the 2D growth mode by 

breaking the proportionality between growth time, thickness and lateral size (Figure 1b). In particular, we 

observe a promoted lateral growth rate at a time-independent average thickness of 20.6 nm for growth 

times up to 25 h. Our detailed characterization study provides mechanistic insights into this extreme 2D 

growth mode. Thanks to the simplicity of the on-substrate synthesis process and the observed 

unprecedented aspect-ratio of 1.1 × 104, our ultrathin and large-size Au MFs could serve as high-quality 

thin films for top-down fabrication of numerous nanophotonic components (i.e. optical sensors). Also, 

they could find broad application in nanodevices requiring transparent conductive substrates as well as in 

plasmonic hot-carrier optoelectronic and photoelectrochemical systems.  
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Figure 1. (a) Schematic illustration of the lateral size-thickness proportionality, pointing to the challenge 

in realizing ultrathin large-size Au micro-flakes. (b) Schematic diagram of the halide-assisted growth of 

ultrathin large-size Au micro-flakes within the confined gap space constructed by two stacked glass 

substrates. Red and green dots represent the halide-ions whose surface passivation and complexation 

effects will be shown to suppress thickness growth kinetics while enhancing lateral growth. Labelling of 

the studied surfaces is also indicated.  

 

Results and Discussion 

Gold MFs were grown on borosilicate glass substrates through a seedless halide-assisted polyol process. 

In brief, microliter amounts of aqueous KI, KBr, or KCl solutions at micromolar concentrations were added 

to a diluted solution of hydrogen tetrachloroaurate (HAuCl4·4H2O) in ethylene glycol (EG) followed by 

subsequent heating at 90°C in a water bath (see Methods). For comparison purposes, the synthesis 

procedure was repeated using the same growth condition, but without adding any halide ions, a process 

that we will refer to as halide-free approach. It is to mention that even without external addition of halide 
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ions, i.e. in our halide-free approach, in the growth solution there are still Cl− ions from HAuCl4−. In both 

the halide-free and halide-assisted cases, two glass substrates were immersed vertically into the growth 

solution. Importantly, the substrates were first wetted by the growth solution and then placed back-to-

back, leaving a 43 μm wetted gap between them. As we will see later, this space-confined region plays a 

critical role in the anisotropic growth of the flakes. Furthermore, the substrates were slightly tilted with 

respect to the vertical, creating an upward and downward facing sample which exhibit different flake 

adhesion characteristics (see Figure 1b and S1). Flakes formation was studied on the downward, the 

downward-gap and the upward-gap surfaces. After the growth period, that we varied from 8 h to 25 h, 

the substrates were cleaned by several rinsing with ethanol and DI water to remove the remaining 

reagents. Numerous Au MFs with triangular, hexagonal, or truncated triangular shapes were found on the 

surfaces and in the solution. Only the substrate-grown flakes, which are the focus of our study, were 

considered for statistical analysis. This is because of the common imperfections, e.g. small-particle-

induced elevation, agglomeration, and bending, of the colloidally-grown Au MFs that appear after drop-

casting them onto a substrate, resulting in serious loss of useful flake area8. The growth of the numerous 

flakes formed across the whole surface area of the substrates was quantified under an inverted optical 

microscope to determine their formation yield, thickness and lateral size distributions. The lateral size 

distribution was analyzed by measuring the side length of triangular flakes and the diagonal length of 

hexagonal and truncated triangular flakes from the recorded optical micrographs. The thickness 

distribution of the flakes was obtained via a transmission spectral method that correlates the optical 

transmittance measured from a CCD image to the thickness25 (see Methods and Figure S2). All these 

measurements were restricted to flakes with lateral sizes larger than 10 μm. Finally, the formation yield 

was determined by calculating the number fraction of large-size MFs compared with other morphologies 

(by-products) as well as flakes smaller than 10 μm.  

The results of our systematic synthesis studies aimed at identifying the optimized growth condition for 

high aspect-ratio Au MFs, as well as at elucidating the underlying growth mechanisms are shown in Figure 

2 and Figures S5-S10. First, for the fixed growth time of 15 h, we compared a halide-free synthesis to the 

addition of 0.5 mM of KI, KCl, and KBr, respectively. We observe that, in all cases, flakes grown on the gap-

facing surfaces had higher formation yields, larger areas and lower thicknesses than those formed outside 

the gap space (Figure S5). In particular, the upward-gap surface always provided the best outcome. This 

distinctive result can be attributed to a physical confinement effect21, 53, which restricts the transport of 

AuCl4− ions, and decreased sedimentation37, which results in limited attachment of the reduced Au atoms 

and thermodynamically-stable small by-products onto the upward-gap surface. To show the effect of 
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physical confinement of two stacked glass substrates on mass transport of the Au(III) ions, we simulated 

the steady-state diffusion of the Au(III) ions, i.e. AuCl4− and/or AuBr4
− complexes, towards two 100 µm-

radius Au MFs growing at the center of a gap-facing surface, i.e. downward-gap surface, and a free surface, 

i.e. upward surface, in a 2D axisymmetric geometry (see Supporting Information 2, and Figure S3). In 

particular, Figure S4c shows that the concentration of Au(III) ions along the gap-facing surface and the 

free surface are very different. In fact, within the gap the concentration is much lower than on the free 

surface, which can slow down the kinetics of the Au(III) complexes reduction inside the gap space. Thus, 

the extreme kinetically-controlled condition in the gap significantly promotes 2D anisotropic growth as a 

result of the intrinsically higher affinity of the {100} and/or {110} crystallographic planes on the side facets 

than the {111} planes on the basal facets for attachement of the Au ad-atoms8. Moreover, the observed 

larger depletion length for the Au(III) ions around the flake on the gap-facing surface can be equivalnet to 

local accomulation of the Cl− and/or Br− ions that realese from the reduction of Au(III) complexes in the 

growth solution around growth fronts of the growing Au MFs. This gap-assisted change in accumolation 

of halide ions can locally enhance the kinetically controlled condition around the growth fronts of the Au 

MFs based on the chemical equilibrium principle for the reduction of AuCl4− and/or AuBr4
− complexes and 

thus increase their lateral growth rate56. More importantly, the diffusive flux arrows in Figures S4a,b show 

that the diffusion of Au(III) ions on the free surface is isotropic, both parallel and perpendicular on the 

substrate, while it is highly directional and parallel to the substrate in the gap space. This directional 

diffusion of the Au(III) ions can specifically enhance the growth kinetics in the lateral direction for the 

flakes grown inside the gap space while limiting the growth in the thickness direction.  

In the absence of halide ions, truncated triangular and nonequilateral hexagonal Au MFs with an average 

lateral size and thickness of 60 μm and 45 nm, respectively, formed on the upward-gap surface with a 

~60% yield (see Figure 2a). As observed in previous studies on Au nanoprisms38, 45, 57, the addition of KI 

strongly suppressed the growth of Au MFs and led to the formation of a large number of small-sized (< 10 

μm) flakes, considered as by-products in our study. In contrast, separate addition of KCl and KBr 

significantly promoted the formation of Au MFs by increasing their formation yield (~78%) and lateral 

sizes (65 μm and 73 μm, respectively) while simultaneously decreasing their average thickness to ~23 

nm41 (Figure 2a). Hence, the presence of halide ions plays a major role in tuning the yield and dimensions 

of the Au MFs.   

Although several effects of halide-ions, such as surface passivation and complexation, are well-known, 

they have not been studied in the context of on-substrate Au MFs growth before. To gain a deeper 
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knowledge of the role of Cl− and Br− ions in the MFs formation, we varied KBr and KCl concentrations from 

0.1 mM to 50 mM (Figure S6 and S7). We observe that even the addition of an extremely small amount 

(0.1 mM) of Br− ions to the growth solution drastically decreases the average thickness of the flakes. 

Importantly, at a Br− concentration of 0.5 mM, such thickness reduction happens together with a huge 

increase in the lateral size of the flakes. By further increasing the Br− concentration to 5 mM and 50 mM, 

both the yield and lateral size of the flakes decreased significantly. The concentration-independent 

thickness suggests that the saturated surface passivation role of the Br− ions on the top {111} basal plane 

of the flakes controls the thickness growth58. Also the decreased lateral size at high Br− concentrations 

indicates that the lateral growth is predominantly affected by complexation and oxidative etching effects, 

which get stronger with Br− concentration43, 46. The study results on the effect of KCl concentration in 

Figure S7 generally show very similar trends for the formation yield, lateral size and thickness of the flakes, 

with the only exception of the increased formation of nanorods at high concentrations of Cl− ions (Figure 

S7e) instead of small-particle by-products observed under the condition of excessive Br− ions (Figure S6e). 

Accordingly, the optimum concentration of Cl− ions was found to be also 0.5 mM, and any increased 

addition of Cl− ions at 5 mM or 50 mM was detrimental to the 2D lateral growth and thus the yield of the 

Au MFs. Similar to the complexation effect of Br− ions, addition of Cl− ions affects the chemical equilibrium 

of the reduction process of AuCl4− ions and slows it down, enhancing the kinetically controlled growth 

condition56. We also note that recent studies reported a strong effect of different halide surface-

complexes on the Fermi level of the metal59. This could indeed contribute to the observed morphological 

and growth-rate differences when combined with an auto-catalytic process for Au seeds growth and 

anisotropic adsorption of halide ions on different crystal facets. A complete discussion on the effect of the 

halide ions can be found in Supplementary Information S3.  
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Figure 2. Effect of halide ions and space confinement on the lateral size and thickness of Au micro-flakes. 

(a) Bar diagram showing the measured average lateral size and average thickness for the flakes grown by 

the halide-free, KI, KBr, KCl, and KBr+KCl-added recipes on the upward-gap surface. Halide-added samples 

were obtained by adding 0.5 mM aqueous solutions of halide ion salts to the growth solution, and after a 

growth time of 15 h. (b) CCD transmission image of two Au micro-flakes grown by adding a controlled 

combination of KBr and KCl. (c-f) Average lateral size and thickness against growth time for the halide-

free and KBr+KCl-added samples grown on the (c,d) upward-gap and (e,f) downward (free-space) surfaces, 

as indicated in the schematic inset. 

 

Based on the results of the concentration-dependent studies, a controlled combination of KBr and KCl (50 

μl KBr and 50 μl KCl at 0.5 mM each) was identified that results in an extremely high yield (~90%) of Au 

MFs with even larger lateral sizes and much decreased thicknesses than those obtained by separate 

controlled addition of KBr or KCl (Figure 2a). While the complete statistical analysis of this synthesis can 

be found in Figure S10, Figure 2b shows a CCD transmission image of two typical Au MFs grown in these 

optimized conditions. The flakes are 250 μm and 163 μm in size and their uniform optical transmittances 

indicate uniform thicknesses of 23 nm and 22 nm, respectively, corresponding to aspect-ratios of 
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1.1 × 104 and 0.7 × 104.  As evident from Figure S10a, the synthesis product consists of Au MFs with 

lateral sizes up to 0.25 mm and thicknesses down to 10 nm. It is to note that even thinner flakes (7.5 nm) 

were observed in another experiment performed at the same growth conditions (data not shown here). 

To better understand the progression of the 2D growth mode, we performed a series of time-dependent 

studies (growth periods of 8, 10, 15, 20, and 25 h). Figure 2c,d show the correlation between the average 

lateral size, thickness and growth time for the flakes obtained on the upward-gap surface with and without 

adding the appropriate combination of KBr and KCl. As evident, without external addition of halide ions 

(green curves), both the lateral size and thickness of the flakes increased proportionally with the growth 

time, which is a common observation for 2D Au nanostructures34, 37, 60. Instead, upon adding the optimal 

combination of Br− and Cl− ions (purple curves) we observe a complete suppression of the thickness 

growth kinetics, i.e. time-independent thickness, and an accelerated lateral growth for all studied surfaces 

(see also Figure S8). Such result can also be visualized by noting the constant color contrast of the CCD 

images of the flakes grown at different growth times (Figure S9). This remarkable observation of broken 

proportionality between thickness and growth time with a promoted lateral growth rate has not been 

reported so far. Importantly, by comparing the upward-gap and downward surfaces (Figure 2c-f), we 

observe that growth under spatial confinement quadruplicates (~4.4 times) the lateral growth rate while 

reducing the thickness by >20%, resulting in the very low average value of 20.6 nm. Thus, although halide-

ions play the dominant role for realizing a time-independent thickness, spatial confinement synergistically 

acts with their shape-directing effect providing better kinetically-controlled growth conditions and 

enhancing the 2D growth mode. As a result, synthesis in the gap leads to ultra-thin and extra-large flakes 

with extreme aspect ratios. Indeed, on the upward-gap surface the average aspect-ratio of the flakes 

grows from 1.9 × 103 at 8 h to 0.7 × 104 at 25 h. This key advantage of our halide-assisted approach is 

quite promising for independent control of thickness and lateral size and can be employed for achieving 

ultrahigh-aspect-ratio Au MFs at prolonged growth times34 or by continuing the growth in a new solution 

in case of depletion of the Au precursor that may slow down or even stop the lateral growth8, 37. We 

performed one-way anova analysis to compare the statistical significance of the thickness and lateral size 

datasets between the downward and upward gap surfaces (see Supporting Information S4). Our analysis 

results confirm that despite the broad size distribution that often results in large error bars, our data are 

statistically significant and the gap uniquely increase the lateral growth rate while decreasing the average 

thickness and improving the uniformity of the thickness distribution of the flakes.  

To further understand the mechanism of this promoted anisotropic growth, a complete characterization 

of the flakes grown under optimized conditions was performed using transmission electron microscopy 
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(TEM), energy dispersive x-ray spectroscopy (EDS), x-ray diffraction (XRD), and x-ray photoemission 

spectroscopy (XPS). Here we summarize the main results while a complete discussion can be found in 

Supplementary Information S5. TEM analysis was performed both on the planar and cross-sectional areas 

of the Au MFs (Figure 3). The ultra-thinness and thus electron-transparency of the flakes facilitated the 

analysis process and improved the image quality. Because of both the difficulty of wet-transferring 

substrate-grown MFs on a TEM grid and the possibility of introducing organic contaminants during such 

process, for the TEM analysis on the edge of the flake we drop-casted flakes grown in the solution during 

the same synthesis process that led to the substrate-grown ones. Instead, cross-sectional analysis was 

performed on a lamella obtained from a substrate-grown flake (see Methods and Figure S17a,b).  

High-resolution TEM (HRTEM) images (Figure 3c) of the top surface of the flake show highly ordered and 

periodic lattice fringes with an interplanar spacing of ~1.4 Ȧ that continues up to the most exterior edge 

atoms. This fringe spacing can be assigned to {220} lattice planes of face-centered cubic (fcc) Au, attesting 

to the single-crystallinity of the flake61. The image also reveals that the side facet is not atomically-smooth 

with fully formed atomic rows but rather contains a lot of ad-atoms. This points to the controlling role of 

side facets in the 2D lateral growth of the flake62. Furthermore, selected area electron diffraction (SAED) 

pattern along the [111] zone axis reveals the presence of 6-fold symmetric spots. These include two sets 

of six strong intensity {220} and {422} reflections, expected for a [111]-oriented fcc-Au crystal, and six faint 

1/3 {422} forbidden reflections, which are typically observed for 2D metal nanostructures10, 60, 63 and 

attributed to parallel twins or stacking faults in the ⟨111⟩ direction61-62, 64. The absence of other reflections 

in the SAED pattern and the strong XRD diffraction peak at 38.3° (Figure S18) confirm that the Au MF is a 

single crystal with {111} facets as basal planes21, 63, 65. Cross-sectional HRTEM images and SAED analysis of 

the flake (Figure 3g-h) also support these observations. Indeed, the flake exhibits a fully crystalline 

structure with three twin boundaries that extend parallel to its basal planes, mirroring the {111} lattice 

planes of fcc-Au with a spacing of 2.4 Ȧ 21, 66.  

On the flake edge (Figure 3b), bright-field HRTEM, which has an advantageous mass-thickness contrast, 

reveals a continuous and ultra-smooth adsorbed layer with a thickness of ~1.9 nm (lighter contrast area). 

HRTEM image of the same region (Figure 3c), however, lacks any trace of such adsorbed layer, indicating 

an amorphous nature. Furthermore, cross-sectional STEM image of the top basal plane (Figure 3e) shows 

an ultra-smooth ~1.5 nm-thick adlayer along the entire flake. Interestingly, high magnification STEM 

image of this region (Figure S17c, purple dashed rectangle in Figure 3e) reveals an ultra-smooth surface, 

free of ad-atoms, suggesting a layer-by-layer growth mode on this facet8. Based on the EDS analysis 
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(Figures 3j, S15, and S16), which shows uniform coverage of the top basal plane with C, O, Cl, and Br 

elements, we infer the presence of a double organic-halide adlayer on top flake surface46, 67.  In particular, 

from the EDS spectrum peaks at 1.48, 2.62, and 2.80 keV, (Figure 3k), we estimate a concentration of Br 

and Cl of 3.0% and 0.6%, respectively. The higher concentration of Br with respect to Cl (~5 times) is 

consistent with the higher affinity of Br ions for adsorption onto the Au {111} facets during the growth 

process58, 68-69. Further, detailed XPS analysis (see Supplementary Information S5 and Figure S19e-f,h-i) of 

the flakes reveals the presence of EG and oxidized EG molecules, adsorbed during the synthesis process3, 

9. These thus constitute the amorphous organic layer identified by TEM analysis70-72.  

Atomic-resolved HRTEM and STEM images of the bottom basal plane (red dashed rectangle in Figure 3e, 

Figures 3f and S17d) also show an atomically smooth surface. Most remarkably, the absence of a lighter 

contrast in the bright-field HRTEM image (Figure 3f) suggests that, in contrast to the top basal plane and 

edge sites, no interlayer is present at the Au flake/glass substrate interface. The absence of Br and Cl peaks 

(11.91 and 2.62 keV) in the EDS spectrum of this region (Figure S17f) further supports the observation 

that the bottom basal plane of the flake is free of any halide and organic ligands. This unexpected result 

suggests the hypothesis that in our synthesis both the nucleation and growth of the flakes happen directly 

on the substrate rather than in solution. Yet, additional studies will be required to fully elucidate the early 

stages of this growth process.  
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Figure 3. Planar and cross-sectional TEM/EDS results of individual Au micro-flakes grown by adding the 

optimized concentration of KBr and KCl. (a) Top-view SEM image of the Au micro-flakes showing the 

studied regions on an individual flake. (b) Planar-view BRTEM image of the edge of a solution-grown Au 

micro-flake marked with a blue rectangle in (a). The 1.9 nm-thick continuous organic layer on the side 

facet of the flake is indicated on the image. (c) Atomic-resolved HRTEM image and (d) SAED pattern of the 

same region taken along the [111] zone axis. The 1.4 Ȧ spacing between the {220} planes of fcc-Au and 

diffraction spots are labeled correspondingly. (e) Cross-sectional STEM image of a substrate-grown Au 

micro-flake after FIB cross-sectioning at the region marked with a green dashed line in (a). The 1.5 nm-

thick continuous organic layer on the top basal facet of the flake is labeled on the image. Atomic-resolved 

STEM image of the region of the purple dashed rectangle is shown in Figure S17c. (f) Atomic-resolved 

HRTEM image of the flake-glass substrate interface region marked with a red dashed rectangle in (e).  (g) 

Higher magnification HRTEM image and (h) SAED pattern of the twinned region of the flake within the red 
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rectangle in (e) taken along the [110] zone axis. The 2.4 Ȧ spacing between the {111} planes of fcc-Au, the 

{111} twin boundaries, and the mirrored diffraction spots are labeled correspondingly. (i) STEM image, (j) 

EDS line scans of Au, C, O, Cl, and Br elements, and (k) EDS spectrum obtained from the edge of the Au 

micro-flake studied in (b) and (c). The insets in (j) and (k) show a magnified view of line scans of the 

elements right at the edge of the flake and the EDS spectrum at an energy range of 1.2-4 keV, respectively. 

Atomic percent of Cl, Br and Au elements are reported after subtracting the contributions of Cu, C and O 

elements that mainly originate from the carbon-coated Cu grid.  

 

On the basis of the above analysis, a possible mechanism can be proposed for the observed thickness-

independent growth of high-aspect-ratio Au MFs through our halide- and gap-assisted approach (Figure 

4a). Without adding any halide ions, faceted Au seeds are initially formed on the glass substrate as a result 

of the low reducing power of aldehyde groups (-CHO) of the heated EG, i.e. C2H4O, for the AuCl4− ions, and 

the preferential adsorption of the in-situ formed oxidized EG molecules on the top {111} facets (see 

equations I and II in Figure 4a)3, 9, 73. Although an epitaxial relation is not possible between the Au seeds 

and the amorphous glass substrate, a preferred nucleation of Au seeds with [111] orientation 

perpendicular to the substrate can be favored due to surface energy-related minimization of the energy 

barrier for heterogeneous nucleation74. Moreover, only those seeds that are multiple twinned with their 

{111} twinning planes parallel to the underlying substrate can grow into in-plane Au MFs66. The others will 

either stop to grow or will grow into out-of-plane flakes that are easily washed off during rinsing with 

ethanol and DI water after the synthesis process8, 33. We note that, while on the outer surfaces we 

occasionally observed some out-of-plane flakes, we have never observed them inside the gap. Adsorption 

of the EG molecules on the [111]-oriented seeds results in a kinetically controlled condition and leads to 

continuous growth of the Au MFs in the lateral direction as a result of the intrinsically higher affinity of Au 

ad-atoms to attach to the more energetically favorable {100} and/or {110} crystallographic planes on the 

side facets with 4 neighboring atoms than the {111} planes on the basal facets with 3 neighboring atoms2, 

75-76. Since the adsorbed organic layer is permeable to the diffusion of the free AuCl4− ions to the top Au 

{111} facet, especially at the edges of the flake where the mean free passage time for ions are shortest77, 

it incompletely passivates this facet and thus a continuous growth is also observed in the thickness 

direction of the Au MFs in a halide-free condition67. On the other hand, by adding a controlled combination 

of KBr and KCl at an optimized concentration, Br− and Cl− ions selectively adsorb onto the top {111} facet 

of the Au seeds and form a halide adlayer beneath the adsorbed organic layer on the top facet with a 

significantly higher adsorption degree for the Br− ions46, 58, 60, 69, 78. This organic-halide double layer strongly 
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suppresses the growth kinetics of the top Au {111} basal facet by acting as a diffusional barrier for surface 

diffusion of the AuCl4− ions or Au adatoms on this facet, and promotes growth along the side facets less 

covered with the halide ions layer40, 42, 78. In addition to the surface passivation effect, Br− and Cl− ions can 

also interact with the Au precursor complex and increase its ionic stability43, 79. Bromide ions due to their 

higher affinity for ionic Au, can replace the Cl− ions from the AuCl4− complex and form a more stable AuBr4
− 

complex instead with a lower reduction rate, i.e. slower kinetics, as evident from its lower reduction 

potential39, 46, 79 (Equation III). Similarly, as the reduction process of AuCl4− is accompanied by the release 

of Cl− ions (Equation IV), according to the chemical equilibrium principle, the added Cl− ions can contribute 

to slow down the reduction process of the free AuCl4− ions56. These complexation effects of Br− and Cl− 

ions synergistically provide a promoted kinetically controlled growth condition which boosts the 

anisotropic growth of Au MFs in the lateral direction43, 56, 60. This promoted lateral growth may also be 

attributed to the decreased supersaturation of Au atoms. The resulting kinetic inhibition of homogenous 

nucleation of small Au NCs in the growth solution retards the depletion of the Au precursor for the flake 

formation on the substrate 44, which prevents the lateral growth rate of the Au MFs to decrease over time 

during the synthesis process37. On the other hand, space confinement effect in the gap space between 

the substrates limits the diffusional transport of Au(III) ions from the bulk solution into the gap space and 

results in a highly depleted region of Au(III) ions and local accumulation of Cl− and/or Br− ions at the growth 

front of the growing Au MFs that further increase the kinetically controlled growth condition and thus the 

lateral growth rate of the flakes. More importantly, the highly directional diffusion of the Au(III) ions in 

the gap space can strongly enhance the kinetics of the lateral growth of the Au MFs on the gap-facing 

surface while the thickness growth kinetics is still suppressed. The overall consequence of the bimodal 

effects of halide ions, i.e. surface passivation and complexation, and the space confinement effect is the 

observed exceptional growth of extra-large and ultrathin Au MFs with a time-independent thickness. 
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Figure 4. (a) Schematic illustration of the growth mechanisms through the halide-free (top) and halide-

assisted (bottom) approaches. In the halide-free case, incomplete passivation of the top {111} basal facet 

of the Au seeds leads to a time-dependent thickness during the 2D lateral growth. The addition of an 

optimized concentration of KBr and KCl entails complete surface passivation of the top {111} facet of the 

Au seeds and the formation of a more stable Au-Br complex. These synergistically promote a kinetically 

controlled growth condition that results in time-independent growth of extreme aspect-ratio Au micro-

flakes with ultrathin thicknesses. The blue arrows indicate the growth rate of the side and basal facets. (b) 

Comparison of maximum area and aspect-ratio of the Au micro-flakes synthesized by our halide-assisted 

approach (red star) with the ones previously obtained by using halide ions (green), polyol process (blue), 

air-thermolysis (purple), soft templates (pink) and biomolecules (orange). References are reported in 

Table S1. 
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Conclusions 

In summary, we reported a facile on-substrate, gap-assisted polyol synthesis for Au MFs that uniquely 

enhances the shape-directing effect of halide-ion and breaks the proportionality between growth-time, 

lateral size and thickness. Indeed, we showed that an optimized combination of Br− and Cl− ions results in 

a high-yield (~90%) of on-substrate Au MFs with an ultra-low, time-independent average thickness and a 

lateral size that, instead, increases with growth-time. Furthermore, we showed that synthesis in a 2D 

confined space improves control on the reaction kinetics, with a strong boosting effect on the lateral 

growth rate (~4 times increase) and a limiting effect (>20% decrease) on the average thickness. Our time-

dependent synthesis study, finite-element simulation, and in-depth material characterization suggest that 

this promoted 2D growth mode originates from the restricted and directional supply of the growth 

precursors in the gap space, i.e. depletion and parallel diffusion of Au(III) ions to the gap-facing surfaces, 

as well as halide-induced formation of stable Au(III) complexes, i.e. an enhanced kinetically-controlled 

condition, and selective adsorption of a continuous halide/organic bilayer on the top {111} basal facet of 

the Au flakes. Overall, our approach results in Au MFs with an unprecedented average aspect-ratio of 

~104 at the growth time of 25 h, which is about 3.7 times larger than those previously obtained for giant 

Au MFs (see Figure 4b). We suggest that such a high aspect-ratio, occurring at a large planar area of 

3.2 × 104 μm2 and an ultrathin time-independent average thickness of ~21 nm, can be further increased 

by prolonging the growth time or by employing regrowth8 or refilling37 methods. Thanks to their single-

crystallinity, atomically-smooth and large-area surfaces, ultra-thinness, and optical transparency, our Au 

MFs are highly promising for top-down nanofabrication of high-quality plasmonic nano-antenna arrays7, 9, 

16 and for nanophotonic devices requiring transparent conductive substrates80. Also, we envision that, if 

confirmed by further studies, the ligand-free bottom surface of our Au MFs could serve as a unique 

platform for high-sensitivity single-molecule sensing14, 81 (i.e. surface enhance Raman spectroscopy) and 

catalysis12-13, 19. Concurrently, the possibility to use other smooth substrates, such as quartz and silicon, 

broadens the applicability of this method. Overall, our gap-assisted synthesis approach points towards 

rich opportunities in exploring the synergistic use of space confinement and halide ions for on-substrate 

shape-controlled synthesis of nanomaterials.  

 

Experimental Section 

Synthesis recipe. Au MFs were directly grown on ultrasmooth borosilicate glass substrates (24 mm × 24 

mm #1.5, VWR) by controllably adding halide ions to a halide-free synthesis recipe reported in 37. Our 

seedless halide-assisted synthesis approach is based on a kinetically-controlled polyol process in which 
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heated EG (99.8%) acts as both solvent and reducing agent and halide ions act as shape-directing agents. 

40 μl of a 0.5 M aqueous solution of HAuCl4 and 50 μl of KI (99.8%), KBr (≥99%), or KCl (≥99%) aqueous 

solutions (0.1, 0.5, 5, and 50 mM) were first added to 20 ml ethylene glycol in a polypropylene centrifuge 

tube (Greiner Bio-One, 50 ml) at room temperature to study the effect of each halide ion species in the 

growth solution. All of the chemical reagents were analytical grade, and used as received from Sigma-

Aldrich. Two glass substrates were cleaned sequentially within an ultrasonic bath of acetone and ethanol 

for 10 min each, and immersed into the growth solution one-by-one and back-to-back in a tilted upward 

orientation so that the growth solution entered into the confined gap space between the two substrates. 

The gap size between the two wetted glass slides was estimated ~43 µm by measuring the focal plane 

distance between the flakes on the upward-gap and the downward-gap surfaces. Then, the solution was 

mildly stirred for 1 min and the capped tube was heated at 90 ˚C in a light-tight water bath on a hot-plate 

for 8-25 h without stirring. After the growth period, the stacked substrates were taken out of the solution 

at the growth temperature and washed thoroughly by rinsing with ethanol and DI water to remove the 

loosely attached MFs and the remaining reagents. Nitrogen blowing was used to dry the samples before 

further characterization. In addition to their formation in the solution, MFs were grown both on the 

exterior surfaces and the interior surfaces of the substrates inside the gap space. Among all the conditions, 

the highest aspect-ratio and the highest formation yield were observed for the flakes grown on the 

upward-gap surface of the top substrate by adding a controlled combination of 50 μl of KBr and 50 μl of 

KCl aqueous solutions (0.5 mM) to the growth solution.  

 

Material Characterization. Optical micrographs were recorded on a customized NanoMicroSpec-

Transmission™ system from NT&C. In particular images were acquired in the inverted optical microscope 

setup (Nikon Ti2A) combined with an imaging spectrometer (Princeton Instruments) equipped with a 

Peltier-cooled 2D CCD detector. Image analysis was performed on the micrographs using the open-source 

ImageJ software (Ver. 1.8). Atomic force microscopy (AFM) images and height profiles were obtained by 

using a Bruker, Fast-Scan AFM in the ScanAsystTM mode and at a scan rate of 1 Hz. Scanning electron 

microscopy (SEM) was performed on a field-emission ZEISS GeminiSEM 300 with an accelerating voltage 

of 3 kV and working distance of 6 mm. Because of the insulating glass substrate, a thin carbon layer was 

sputter-coated onto he samples before SEM study. Transmission electron microscopy (TEM) analyses 

were carried out on a double aberration-corrected FEI Titan Themis operated at 300 kV, in both the [111] 

and [110] crystal directions of the Au MFs. TEM samples for planar-view studies, i.e. along the Au [111] 

zone axis, were prepared by drop casting a few drops of an ethanol-based (≥99.8%) suspension of 
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solution-grown Au MFs onto a thin amorphous carbon layer supported by a Cu grid. The suspension was 

obtained by washing the loosely attached Au MFs on the glass substrate with ethanol after the synthesis 

process. Cross-sectional studies, i.e. along the Au [110] zone axis, were performed on a TEM lamella 

prepared from a cleaned substrate-grown Au MF with a focused ion beam (FIB)/SEM dual-beam 

instrument (Zeiss NVision 40). Before FIB milling, the sample was coated with a thin (~17 nm) 

nanocrystalline platinum layer to make it conductive. However, as the sample was still charging, a thin 

carbon layer (~20 nm) was sputter coated on the surface. The region of interest was then protected by 

FIB-assisted carbon deposition (~1 µm). Then, a chunk of the obtained a-SiO2/Au(111)/nc-Pt/C stacked 

structure was extracted by FIB milling (30 kV Ga+ beam) and attached to a TEM grid. Beam-induced 

damages of the surfaces were limited by thinning of the structure with a 2 kV accelerating voltage of the 

Ga+ beam. X-ray diffraction (XRD) was conducted directly on substrate-grown Au MFs on a Panalytical 

Empyrean diffractometer equipped with a Cu kα radiation source (λ = 1.54060 Ȧ; 40 kV, 30 mA) and a 

PIXcel-1D detector. X-ray photoelectron spectroscopy (XPS) analyses were performed using a PHI 

VersaProbe II scanning XPS microprobe (Physical Instruments AG, Germany) equipped with an Al 

Kα radiation source (hv = 1486.6 eV) with a beam size of 100 µm and a hemispherical analyser. The 

measurements were performed on a large-size Au MF in before and after the washing treatment with 

ethanol and DI water, and the scan steps were 0.8 eV and 0.2 eV for the survey and high-resolution XPS 

spectra, respectively. All the binding energy and atomic percent values were determined by referring to 

the theoretical C1s line at 284.5 eV and using PHI Multipak software (Ver. 8.2). Deconvolution of high-

resolution C1s and O1s XPS spectra into Gaussian-Lorentzian peak components was performed after 

calibration of the measured binding energies with the C1s peak and after a Shirley background 

subtraction. 

 

Optical thickness measurement. Statistical analysis of the thickness distribution of the flakes was 

performed by implementing a transmission spectral and imaging method25. First, transmission spectra of 

the flakes were obtained by recording the spectra of each individual flake on the borosilicate glass 

substrate and a flake-free region as reference. The measurements were simply carried out by top 

illumination of each flake with a broadband halogen lamp followed by collecting the transmitted light with 

a 60x microscope objective and directing the light towards the spectrometer. Thickness-dependent 

transmission spectra of the Au flakes were modeled by implementing a self-written MATLAB code based 

on Matrix theory of multilayer optics82 and optical constant for single-crystalline Au from Olmon83 and 

CRC Handbook84. To determine the thickness of the flakes from the transmission spectra, the measured 



19 
 

data for each flake was fitted with the models in the 450-750 nm spectral range (see Figure S2a). As the 

data from the Olmon best matched with the measured spectra of the Au flakes in the fitting region, all the 

thicknesses reported here were determined based on this model. Next, the optical transmittance of the 

flakes having different thicknesses was measured by recording the CCD transmission images of the 

individual flakes from the signals of the green channel, subtracting dark counts and dividing by a reference 

image from a flake-free region (see Figure S2b). For fast estimation of the thickness values of the flakes 

from their optical transmittance, a calibration curve was extracted by correlating the thickness values of 

a large number of flakes obtained with the spectral method to their corresponding transmittance 

measured from the CCD images, and fitting an exponential function to the resulting data (see Figure S2c). 

All the reported thicknesses in this work were estimated by simply measuring the optical transmittance 

from the CCD images of individual flakes and using the fitted calibration curve. The accuracy of this optical 

approach was validated by performing atomic force microscopy (AFM) measurements, and only a -1 nm 

deviation was found for the thicknesses obtained with this method (see Figure S2b) compared to those 

values measured by the AFM technique (see Figure S2d). 

 

Finite-Element Simulation. The finite-element simulations were performed using COMSOL Multiphysics 

v5.6 to study on the role of space confinemnt effect by modeling the concentration profile of Au(III) ions 

around two gold flakes growing on a gap-facing surface and a free surface. Simulation details are provided 

in the Supporting Information 2.   

 

Supporting Information 

Additional information about methods of synthesis and characterization of the Au MFs; role of space 

confinement and halide ions on the Au MFs synthesis; data acquisitions and statistical significance; TEM, 

EDS, XRD, XPS characterization results of the Au MFs; comparison of Au MFs synthesis methods in terms 

of maximum area and aspect-ratio. 
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