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Abstract: A continuous microfluidic-based seed-mediated synthesis of high-purity gold 

nanoplates with different thickness was developed. The thickness of the nanoplates can be 

fairly tuned from less than 1 nm to a few nm by varying the flow rate. Depend on the thickness, 

the obtained nanoplates could be rigid and surface-flat with thickness larger than 2 nm or 

flexible with crumpling or rolling shapes when the thickness is around 1 nm. These nanoplates 

are poly-crystalline with different crystal faces and show a great electrochemical activity 

toward glucose oxidation. 

 

Introduction 

The control of metal nanostructure morphology (size, shape, and surface 

structure) has attracted much attention in recent years due to the interest 

in precise tuning of electronic, optical, and catalytic properties.
1-4

 

Consequently, a variety of nonspherical gold nanocrystals with different 

shapes such as rods,
5, 6

 wires,
7, 8

 belts,
9, 10

 comb,
10

 plates and prism,
11, 12

 

polyhedral,
13-17

 cages and frames,
18

 caps,
19

 stars and flowers,
20-24

 as well 

as dendrites
25-29

 have been achieved. However, these various types of 

nanocrystals were almost obtained by bench top batch preparative 

methods which are successful in laboratory. These methods are not 

convenient on the synthesis of anisotropic nanocrystals at large scale. 

Therefore, microfluidic methods have been regarded as suitable 

alternative protocols with a high possibility to gain large quantities of 
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particles with a uniform size and shape continuously.
30, 31

 Also, among the 

gold nanocrystals discussed above, microfluidic protocols have been used 

to prepare for various shapes of nanoparticles with different sizes(e. g. 

spherical nanoparticles, nanorods, hexagonal and triangular  nanoplates 

and so on).
30, 32-39

 As for gold nanoplates, to our best knowledge, no one 

have already successfully prepared gold nanoplates with different 

thickness by the microfluidic protocol although similar protocol has been 

used for synthesis of size-different gold nanoparticles.
36

 Although various 

bench top batch preparative methods have been reported for the synthesis 

of gold nanoplates with or without bending contour,
12, 40-42

 these gold 

nanoplates are mainly have sizes in the micrometer range and thicknesses 

of tens of nanometers with a mixed shapes of obtuse triangle, hexagon, 

quasi-round and so on. Furthermore, the evitable co-existence of a large 

number of ball-like nanoparticles during these methods is really a waste 

of gold sources which is limited on the earth. 

Recently, we reported a continuous microfluidic-based synthesis of 

Au supraparticles.
43

 In that work, it was revealed that a type of flexible 

thin Au nanoplate is in fact the first intermediate for the growth of Au 

supraparticles. Herein, by varying the flow rate in the microfluidic device, 

we obtained a series of Au nanoplates with controllable thickness and 

found the morphology (rolling or rigid) of the Au nanoplates could be 

tuned by controlling the thickness of the nanoplates. In addition, the 
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electrochemical test shows that the electrocatalytic activity of the 

nanoplates toward glucose oxidation depends on the morphology of the 

nanoplates: the rolling ones show much higher catalytic activity than the 

flat ones.  

Experimental section 

Chemicals. Hydrogen tetrachloroaurate trihydrate (HAuCl4 3H2O) was 

purchased from Sigma-Aldrich. Cetyltrimethylammonium chloride 

(CTAC), sodium borohydride (NaBH4), and ascorbic acid (AA) were 

purchased from Shanghai Sinopharm Chemical Reagent Co., Ltd. Sodium 

bromide(NaBr), β -D-glucose, sulphuric acid(H2SO4), and potassium 

hydrogen phosphate(KH2PO4 and K2HPO4) were purchased from Beijing 

Chemical Co.. All chemicals were used as received without further 

purification. Ultrapure distilled water(18.2 MΩ ) was used for all solution 

preparations. 

Synthesis of Gold Seeds. A volume of 10 mL aqueous solution 

containing 2.5×10
-4 

M HAuCl4 and 0.10 M CTAC was prepared first. 

Then, 0.45 mL of the NaBH4 solution (0.02 M, ice-cold) was added into 

the above solution with stirring. The resulting solution turned brown 

immediately, indicating the formation of gold seeds, which were aged for 

1 h at 30
o
C to decompose excess borohydride. The seed particles have a 

size of about 4 nm (Fig. S1). 

Microfluidic synthesis of gold nanoplate  
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The microfluidic chip consists of a microchannel (400 µm × 400 µm 

cross-section and 3 cm long) with three inlets and one outlet. 
43

As shown 

in scheme 1 and Fig. S2. The reaction regime was divided into three 

different solutions: Solution 1: 375μL of 0.01 M HAuCl4 solution, 15μL 

of 0.01 M NaBr solution and 4.6 mL of 0.1 M CTAC solution were mixed 

together; Solution 2: 135μL of 0.04 M ascorbic acid solution and 4.8 mL 

of 0.1 M CTAC solution were added together; Solution 3: 150μL seed 

solution and 4.8 mL of 0.1 M CTAC solution were taken together. Then 

these three different solutions were injected into the microfluidic chip 

through three independent channels at the same rate. Meanwhile, the 

effluent from the chip was collected into a centrifugal tube with large 

amount of ice-cold ultrapure water to terminate the growth. The solution 

in the tube was then centrifuged at 12000 rpm for at least 15 min. To 

remove the excessive surfactant, the precipitate was washed by water 

twice through centrifugation at 12000 rpm for no less than 15 min. By 

varying the flow rate of solution, nanoplates with different thickness were 

obtained. 
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Scheme 1. The setup of the flow-based microfluidic system for synthesis of the ultrathin gold 

nanoplate. 

 

Preparation of gold nanoplates-modified electrode. Glassy carbon 

electrode (GCE) was polished before each experiment with 1, 0.3 and 

0.05μm alumina slurry, and then successively washed with diluted nitric 

acid, acetone and distilled water in ultrasonic bath, respectively. The 

original solution containing nanoplates (ca. 15mL) was concentrated to 1 

mL, and then 100μL of the condensed solution was dropped onto the 

pretreated GCE and dried in the air. After that, 4μL Nafion (0.1%) was 

cast onto the electrode. Such modified electrode was used for 

electrochemical characterization. The modified electrode was stored at 4 

◦
C when not used. 

Instrumentation. UV-vis absorption spectra were taken using a JASCO 

V-570 spectrophotometer. The Transmission electron microscopy (TEM), 

high resolution transmission electron microscopy (HRTEM) and selected 

area electron diffraction (SAED) characterization was performed on 

Solut. 1
Solut. 2

Solut. 3

Ice water

Pump

Syringes

Glass slide

PDMS
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JEOL JEM-2100 electron microscopes with an operating voltage of 200 

kV. Digital HRTEM images were analyzed to determine the crystalline of 

nanoplates by using digital micrograph 3.7. Atomic force microscopy 

(AFM) images were generated with a Veeco Multimodel NanoScope 3D 

in the tapping AFM mode. All electrochemical experiments were 

performed on a CHI 750E electrochemical workstation (CH Instruments, 

Chenhua Co., Shanghai, China). A conventional three-electrode system 

was employed with a modified GCE (3.0mm in diameter) as working 

electrode, a platinum sheet as auxiliary electrode and a saturated calomel 

electrode(SCE) as reference electrode. 

Results and Discussion 

  Firstly, the sample of folding or rolling nanoplate is prepared at 70 

μL/min based on our previous report. The detailed morphology of the 

sample was characterized before.
43

 Figure 1a and Figure S3(a-e) show 

clearly that the well-defined nanoplates are rolling or folding to different 

extent. Also, a thickness of about 1 nm could be predominantly seen from 

the rolling edge of the nanoplate (Fig. S3b). The HRTEM image of an 

individual nanoplate (Fig.1b) displays clear lattice fringes with fringe 

spacing about 0.235 nm, indicating that the entire nanoplate is crystalline 

with the (111) facet running across the main surface of nanoplate. The 

SAED pattern (Fig. 1c) shows a set of diffraction spots indexed to (111), 

(200), (220), (311) and (222) reflections of the gold fcc structure. The 
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UV–vis spectrum (Fig. 1d) shows a relatively narrow absorption band 

with the maximum absorption at about 590 nm, revealing that rolling 

nanoplates have a relatively uniform size.
40  

 

Fig. 1. (a) Typical TEM image of rolling Au nanoplates. (b) Typical HRTEM image of the surface 

of a Au nanoplate shown in (a). (c) Correlated SAED pattern for sample shown in (a). (d) 

Absorption spectra of ultrathin crumple gold nanoplates shown in (a). 

 

Furthermore, to investigate the mechanism of such a rapid growth 

process, a series of microfluidic experiments at different flow rates were 

performed (Data shown in Fig.S4). To our surprise, it can be concluded 

that the rolling ultrathin gold nanoplates mentioned before can be 

obtained at a relatively high flow rates, while, at a low rate, the rigid 

surface-flat nanoplates could be obtained. Fig.2a and Fig.2b show that the 

products acquired at 5μL /min are just the rigid nanoplates with the fringe 

spacing of 0.235 nm (indexed to (111) facet), consistent with that of the 
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rolling nanoplate shown in Fig. 1b. Atomic force microscope (AFM) was 

utilized to certify the thickness of rigid nanoplates. As shown in Fig. 2c 

and Fig. 2d, the thickness of the nanoplates obtained with flow rate of 

5μL /min is about 5.5 nm, which is much thicker than that (< 1nm) 

prepared at 70μL /min mentioned above (HRTEM image shown in Fig. 

S3b). Also, the sample gained at 5 μL /min is thicker than the surface-flat 

sample (with thickness ~2.5 nm) prepared at 10μL /min (Fig. S5). In 

addition, AFM was also used to characterize the sample prepared at 30 

and 50 μL /min. Unfortunately, the exact height of rolling nanoplates 

can’t be measured directly by AFM due to their complicated rolling mode 

(Fig. S6). Based on these facts, we can conclude that, when the flow rate 

is low, the nanoplates could grow thick due to a long growth time before 

they flowed out from the chip and then were quenched by the ice water in 

the tube shown in Scheme 1. While when the flow rate is higher and 

higher, the growth time becomes shorter and shorter which then leads to 

thinner Au nanoplates. When it is thin enough, it tends to roll up to reduce 

the high surface energy.  
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Fig. 2 (a) Typical TEM image of surface-flat Au nanoplates prepared at the rate of 5 μL/min, (b) 

typical HRTEM image of the surface of a nanoplate shown in (a), (c) typical AFM image of 

sample shown in (a), and (d) height profile along the colored line of a rigid gold nanoplate shown 

in (c). 

 

Glucose oxidation in a phosphate buffered electrolyte is used to 

produce electricity in fuel cells and similar experimental conditions are 

adopted here to evaluate the electrocatalytic activities of different gold 

nanoplates. Before that, GCE modified by the rolling (red curve) and 

rigid (black curve) nanoplate were tested in 0.5M H2SO4. As shown in 

Fig. 3a, the cyclic voltammetry (CV) curves show that the rolling 

nanoplate (obtained with flow rate of 70 μL/min) modified electrode 

displays much higher peak current associated with surface oxide 

reduction event than that of the rigid ones. Therefore, it is expected that 

the rolling nanoplates may have better performance in electrochemical 

oxidation of glucose than the rigid surface-flat nanoplates. Fig. 3b shows 

CV curves for glucose oxidation in a phosphate buffered solution on these 
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two modified GCEs. Two main regions can be observed. The first region 

is at 0.2 V vs SCE, an oxidation peak (peak A, which can’t be seen clearly 

in the rolling nanoplate modified GCE), which is assigned to the 

dehydrogenation of the anomeric carbon of the glucose molecule. The 

current corresponding to this process is higher for rolling nanoplates than 

rigid ones. This dehydrogenation leads to the formation of gluconolactone. 

The second region presents the main oxidation peak centered at around 

0.3 V vs SCE. (peak B), which corresponds to the further oxidation of 

gluconolactone.
44, 45

 Compared with that of the rigid nanoplate modified 

GCE, the rolling nanoplate modified GCE exhibited much larger 

oxidation currents, which clearly demonstrate the better electrocatalytic 

activity of the rolling nanoplates towards the glucose oxidation than the 

rigid ones. Also, the electrocatalytic activities of gold nanoplates prepared 

at 10μL/min, 30μL/min and 50μL/min was evaluated. As shown in Fig.S7, 

Their electrocatalytic activity are between that of rigid 

nanoplates(prepared at 5μL/min) and rolling nanoplates (prepared at 

70μL/min). Meanwhile, their electrocatalytic activity are increased with 

the increasing flow rate(shown in Fig.S7). A 

Page 10 of 14RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



11 
 

 
Fig.3. (a) The cylic voltammograms of two types of (rigid/rolling) nanoplates modified electrodes 

in (a) 0.5 M H2SO4, (b) in PBS (pH7.4) in presence of 10 mM glucose recorded at 50 mV s
−1

 and 

at 20°C. 

 

Meanwhile, electrodeposition method is one of the mostly useful 

approaches to prepare various types of gold nanostructures such as 

nanorod,
46, 47

 nanocube,
48

 spherical nanoparticle
49

 and so on. 

Nanoparticles with different shapes and sizes can be facilely synthesized 

on the conducting surfaces by altering the conditions of electrochemical 

deposition. It is benefit to synthesize the hybrid material.
50-52

 Isolated 

nanoparticle has to be acquired by additional separation process.
46

 As for 

the microfluidic-based method, a higher surface to volume ratio and less 

sample consumption enable the chemical reaction processing in a 

continuous model within short time and giving a relatively uniform 

reaction environment.
35-39

 Moreover, microfluidic protocols offer the 

capability to automate multi-step synthesis with less human operation. 

Conclusions 

We have developed a continuous seed-mediated method for the 

preparation of high-purity gold nanoplates with tunable thickness, which 
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are rolling or rigid depending on their sizes. These nanoplates are 

poly-crystalline with different crystal faces and show a great 

electrochemical activity toward glucose oxidation. This protocol is fast, 

reproducible and adaptable to microfluidic synthesis without any 

additional batch processing steps, and probably could be extended to the 

synthesis of other types of ultrathin nanoplates.  
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