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GRAPHICAL ABSTRACT

Arrays of catalytic gold nanocraters (GNCs) are formed and bounded on a surface from reactive femtoliter droplets. The catalytic activity of GNCs were evaluated by
degradation of both anionic and cationic azo dyes in water. This strategy represents a solution-based approach for the formation of surface-bound catalytic nano-
structures based on sequential droplet reactions.
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ARTICLE INFO ABSTRACT
Keywords: Femtoliter droplet array exhibit unique stability in contact with a flow. This work demonstrates that reactive

Sequential reaction

Droplet array

Gold nanocraters

Catalytic degradation
Surface-bound nanomaterials

femtoliter droplets enables sequential chemical reactions that may be leveraged to simplify the process for
producing surface-bound materials. Gold nanocraters (GNCs) are formed on a planar substrate from biphasic
reactions between water-insoluble thiol droplets and two aqueous solutions in sequence. The detailed process is
that gold precursor solution was injected into a flow chamber hosting a substrate with thiol droplet array in a
chamber, followed by injection of a reductant solution. The thiol droplets absorb and weakly bond with gold ions
in a precursor solution. Subsequent exposure to a reductant solution accelerates the formation of gold clusters in
droplets. The final nanoparticles form GNCs over a large surface area, due to fast formation around the droplet
rim. The shape of an individual domain was controlled by the duration of ion absorption in the first step of the
sequential reaction. Reacting droplets were followed in time by total internal reflection microscope to under-
stand the reaction process. Morphology and composition of GNCs were characterized by atomic force micro-
scope, SEM, microspectrophotometer, and X-Ray photoelectron spectrometer. We demonstrate that the as-
prepared GNCs exhibits stable catalytic activity in degradation of azo dyes for multiple cycles. Compared to
many current approaches for producing surface-bound nanomaterials, our approach is based on sequential
droplet reactions in a flow-in process. This approach offers unique flexibility in varying independently the
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reactant concentration and reaction time of each step in the sequential reaction. The synthesized surface-bound
catalytic nanomaterials may be applied in water treatment, optical display or fluorescence imaging.

1. Introduction

Extremely small droplets are of paramount significance in many
advanced technologies including water collection from foggy atmo-
sphere, artificial rainfall in arid areas, and sample preparation in
biomedical diagnostics and chemical analysis [1]. Droplets provide a
confined environment in synthetic chemistry to realize cascade re-
actions in a fashion similar to artificial cells. The surface of micro-
droplets serves as a biphasic site for catalysts to access immiscible liquid
phases inside and outside of droplets, significantly improving specificity
and efficiency of interfacial catalytic reactions [2,3]. Regarded as a
green and sustainable approach, droplet reactions provide clear ad-
vantages for chemical reactions, due to the spatial separation of reagents
or products between the droplets and the surrounding. Small droplets
may enable efficient chemical conversion under mild conditions [4],
particularly suitable for biphasic reactions between two immersible
phases [5-8,9]. Beyond significant acceleration in reaction rate,
compartmentalization of the droplets may even trigger spontaneous
reactions that would be thermodynamically unfavorable in bulk [10,
11]. Despite the significance for a broad range of technological appli-
cations, it remains challenging to predict and control sequential re-
actions of microscopic droplets for desired products.

Surface-bound nanomaterials are required for various applications
such as clean water collection, photocatalytic electrolysis in energy
conversion, tactile sensors and artificial skin. Many surface-bound
nanomaterials rely on the surface arrangement to maximize perfor-
mance, for example, for the signal detection in sensors, surface enhanced
Raman spectroscopy [12,13], light-substrate interactions in solar energy
harvesting [2,14-16], or heat and mass transfer in catatlytic conversion
[17-19]. Chemical reaction with surface droplets may potentially
streamline the process of synthesis and immobilization of surface-bound
nanomaterials to obtain desired spatial arrangement and surface
coverage of nanostructures. Distinct from common techniques for
depositing nanomaterials on the substrates such as direct growth [20],
dip coating, sputter [21], chemical or physical binding [22-24], droplet
reactions may take place on substrates with arbitary shape and size
during both formation of reactive droplets and production of
nanomaterials.

Solvent exchange is a newly established simple process for formation
of femtoliter surface droplets [25,26]. Here femtoliter surface droplets
refer to liquid droplets on a solid surface in contact with a surrounding
liquid that is immersible. [25,27] The height of femtoliter droplets
ranges from tens to few hundreds nanometers. Their base diameter is
0.1-100 um, determined by wettability and hydrophobic or hydrophilic
micropatterns on the substrate surface. The size, location and compo-
sition of the droplets are fine tuned by solution composition and level
and duration of the oversaturation during the solvent exchange. [25,26,
28] Femtoliter droplets can form substrates of varied shape or size from
a planar wafer to the inner or outer walls of a microcapillary tube. [26]
Location and surface coverage of femtoliter droplets are controlled by
chemical wetting patterns on the surface. [26].

Synthesis of nanomaterials from droplet reactions requires under-
standing and control of the reaction rate. For a biphasic reaction be-
tween droplets and the surrounding, the overall rate is determined by
both intrinsic kinetics of the reaction and mass transfer cross the droplet
surface [29,30]. Compared to spray droplets flying in air [31,32], the
three-phase contact lines of these femtoliter droplets are pinned by the
solid surface [33], providing much needed stability of droplets to an
external flow. Hence both the concentration and the sequence of the
reactants in the surrounding can be controlled by the flow of reactant
solutions. Although on-droplet reactions have been reported for

extraction and sensitive chemical analysis, [29] and for one-step syn-
thesis of the precursor structures [1,34,35], the potential for sequential
reactions of stable femtoliter droplets remains to be explored for syn-
thesis of a wide range of surface-bound catatlytic nanomaterials.

In this work, we demonstrate sequential droplet reactions for
controlled formation of gold nanocraters. In the first step, thiol droplets
acted as host platform for gold ions with precise location over the
patterned substrate within the flow chamber. In the second step, the
flow of a reductant solution further assisted the formation of gold hosted
droplets into the final gold nanocraters (GNCs). The substrate with
surface-bound GNCs was then used for catalytic activity in the degra-
dation of both anionic and cationic azo dye degradation in water. Our
work demonstrates sequential droplet reactions as a novel route for in-
situ synthesis of surface-bound catalytic metal nanostructures in an or-
dered array over a large surface area.

2. Experimental section
2.1. Materials

Ethanol (90%), octadecyltrichlorosilane (OTS, 98.9%), sodium cit-
rate dihydrate (99%), rhodamine B (RhB) (99%), methyl orange (MO)
(99%) and methylene blue (MLB) (93%) were all purchased from Fisher
Chemical (Canada). Gold (III) chloride trihydrate (100%) and 1-dodec-
anthiol (DT, 98%) were purchased from Sigma Aldrich (Canada). Water
was obtained from a Milli-Q purification unit (Millipore Corporation,
Boston, MA). Cover glass (Fisher Scientific) and silicon wafer (University
wafer, USA) were used as substrates. The hydrophobic microdomains on
hydrophilic substrates were fabricated by photolithography following
an already reported protocol [34]. The scale of the obtained hydro-
phobic microdomains was 5 + 0.1 ym in diameter with 7.5 + 0.1 ym
center-to-center distance.

2.2. Formation of gold nanocraters (GNCs) by solvent exchange process

The reactive nanodroplets were produced on the microdomians by
solvent exchange process. In the process, a prepatterned substrate was
placed in a flow chamber (Figure S1) measuring 0.63 mm in height, 15
mm in width, and 150 mm in length. DT dissolved in ethanol at the
concentration of 2% v/v (solution A) was introduced into the flow
chamber first, followed by water (solution B) at the flow rate of 100 uL/
min. This process generated DT droplets on the pattern of hydrophobic
microdomains. Following that, a 3 mg/ml HAuCl4 aqueous solution was
pumped into the system at the same flow rate for an appropriated time.
Afterwards gold ions absorbed on the droplet surface. Appropriate vol-
ume of water was flowed in at the rate of 100 yL for 10 min to remove
excess gold precursors from the chamber and do wash of physically
absorbed precursors from hydrophilic area of the patterned substrate.
Subsequently, a sodium citrate aqueous solution was exchanged at a rate
of 100 uL to reduce the gold-thiol complex droplets into GNCs.

2.3. Characterization of nanodroplets and GNCs

DT surface nanodroplets were imaged by an upright optical micro-
scope (NIKON H6001 or Huvitz HRM-300) coupled with a 10 x or 100 x
lens. The formation process of GNCs from reactive droplets was moni-
tored by total internal reflection fluorescence microscopy (TIRF, 100 x
objective lens, Nikon). The morphology of surface of the GNCs was
characterized by atomic force microscopy (AFM, Dimension Icon-
Bruker). Field Emission Scanning Electron Microscope (FESEM) was
performed on a FEI Nova NanoSEM 200 at 5 kV and a working distance
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Table 1

The conditions of catalytic reaction. The volume is 2 ml for all three tests.
Dye Concentration (mM) NaBH,
MO 1 0.5 ml
MLB 0.1 0.2 ml
RhB 5 0.2 ml

of 4.7 mm to characterize the morphology. The surface chemistry of
GNCs was characterized using a K-alpha X-Ray photoelectron spec-
trometer (XPS, Thermo Scientific). The incident radiation was provided
by a monochromatic Al Ka X-rays (1486 eV) at 72 W (6 mA and 12kV). A
low energy flood gun was used to compensate the surface charging ef-
fect. All data were processed using CasaXPS software, and the energy
calibration was referenced to the C 1 s peak at 284.8 eV. The absorption
spectra of GNCs were measured using a microspectrophotometer (20/30
PVTM, CRAIC Technologies Inc.).

2.4. Evaluation of catalytic activity

All of the catalytic measurements were performed under ambient
conditions. A (0.8 cm x 1.5) cm with dimension of patterned GNCs
substrate was used for evaluation of catalytic activity of GNCs. A 2.0 ml
aqueous solution of anionic or cationic model dyes used for catalytic
reaction concentrations and GNCs substrate are listed in Table 1. 0.06 M
of NaBH,4 was used during catalytic activity. After certain interval, 0.5
ml of the dye solution was collected and placed into plastic UV-
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transparent disposable cuvettes. For UV measurement, the sample was
added again into the base solution moderately.UV-Vis spectroscopy
(GENESYS 150) was used to obtain the absorbance spectra of different
dyes during GNC catalyzed degradation activity. During the reusability
test, the same GNCs substrate was used in three consecutive cycles for
MO degradation. The extent of dye degradation was calculated using
equation 1given below.
. . . A() - Az

Degradation efficiency(%) = — X 100% (@D)]

Here, A, is the initial absorbance of the dye solution and A; is the
absorbance at different time of the dye degradation.

3. Results and discussion
3.1. Droplet localized formation of GNCs

After, the ordered array of DT droplets were produced on hydro-
phobic microdomains by solvent exchange. The sequence of the
different solutions introduced is shown in Fig. 1A. Due to the insoluble
nature of DT in water, the droplets in the array remain stable when
water is displaced by a flow of an aqueous solution of Au(IIl) precursors
(solution C), as shown in Fig. 1B. Through Au-S bonds, the thiol (-SH)
group of the DT droplet interacts with gold ions in the solution to form
an intermediate Au-thiol complex. Subsequent exposure of the reactive
droplets to a solution of sodium citrate, a strong reducing agent (solution
D), completes the reduction of Au(Ill) to GNCs, as the darker droplet
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Fig. 1. The formation process of GNCs. (A) HAuCl, precursor solution (Solution C) is injected into the chamber (step 1), Water is injected to remove extra HAuCly
precursor residues (step 2). At last, Sodium citrate precursor (Solution D) injected (step 3). (B) Optical image of gold ions absorbed over thiol droplets during step 2.
(C) Optical image of gold ions reduced to gold during step 3. (D) Mechanism of thiol-gold complex formation via absorbance, and (E) gold reduction form Au(III) to

Au(0).
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Fig. 2. Morphology and properties of GNCs. (A,B) Optical images of highly ordered array of GNCs in air with a zoomed image as insert in (A). (C) XPS spectra of
GNCs. The reference for Au 4f7/2 is indicated by the dashed line at 83.95 eV. (D) 3D view and (E) top view of GNC in an AFM image. (F) Cross-sectional profile of a
GNC as marked by the dotted line in (E). (F) Cross-sectional profile of a GNC as marked by the dotted line in (E). (G-I) Different colors observed from GNCs located
along the flow direction. (J) UV-Vis absorbance spectrum of a representative GNC.

patterns are observed in Fig. 1c. When the solution is removed, the GNC
patterns remain immobilised on the substrate.

The detailed mechanism of GNC formation is proposed in Fig. 1D and
E. When the HAuCly precursor solution was in the contact with DT
droplets, the Au (III)-S binding takes place to confine the diffused Au(III)
ions onto the DT droplet surface, by forming an intermediate [Au—SR],
complex (Fig. 1D) [36]. Although the Au(II)-S bond is weaker than the
Au (0)-S bond, the extremely large surface area of the droplets would
enhance the interaction efficiency [] ensuring sufficient Au(III) incor-
poration with the droplets. Due to the reductive ability of thiol, a portion
of the Au(Ill) in the intermediate product can also be reduced to Au(l).
The formation of Au(I) contributes to the reduction of Au(III) to Au(0) by
lowering the energy and increasing the ligand exchange rates.[37] When
the excess Au(III) precursor in bulk is removed by flushing water prior to
the addition of the reducing reagent, sodium citrate, Au(IIl) ions are
confined to the surface of DT droplets and are ready for the localized
reaction. Upon addition of the citrate agent, the intermediate Au-thiol
complex is completely reduced from Au(Ill) < Au(I) and Au(l) < Au
(0) (Fig. 1E). Following that, the nucleation and aggregation occurs,
allowing for the final structures. The GNCs remains stable when the
substrate is taken out from the chamber and the medium phase trans-
ferred from liquid to air.

3.2. Morphology of the GNCs

The array of GNCs in air exhibits vivid color (Fig. 2 A, B). The
consistent color presented over the large substrate surface demonstrated
the uniform interaction between droplet and bulk medium, benefiting
from the laminar flow in the narrow channel. The characteristic spacing
of 4f7/2 and 4f5/2 orbitals in the high-resolution XPS reveals the
presence of Au in Cs (Fig. 2 C). The peak of the sample exhibits a distinct
shift of ~ 0.61 eV to ~ 84.56 eV. Additionally, the full width at half
maximum (FWHM) is ~ 1.1 eV, higher than 0.76 eV expected from the
Au reference. Both the shift and broadening of the peaks are associated
with the presence of gold-thiolate nanoclusters rather than individual
gold atom [38]. These results are consistent with those obtained by
Negeshi et al. for 1.8 nm gold nanoclusters [39]. These species are ex-
pected to provide high thiol to Au precursor ratio in the droplet reaction
in confined duration.

A clear 3D view of a GNC formed in an individual droplet captured by
AFM in Fig. 2D-f unveils that the lateral size of the nanocrater was 5 ym
with a concentric ridge around the periphery. The line profile laterally
across the nanocrater measures the maximal height of concentric ridge
of ~ 200 nm. The surface of the trough part inside the GNC is rough with
height of 50-100 nm above the flat surrounding area. The morpholog-
ical analysis of GNC is further characterized by using FESEM images
shown in Figure S1. The size, distinct arrangement as well as regular
distribution of final developed GNCs on substrate in FESEM images
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Fig. 3. TIRF images of final GNCs at different duration of gold precursor exchange using nile red as a fluorescent agent. (A) Droplet with no gold precursor exchange.
(B) For 2 min of gold precursor exchange. (C) For 5 min of gold precursor exchange. (D) For 8 min of gold precursor exchange. Effect from the initial thiol con-
centrations when gold precursor exchange constant duration over the final morphology of gold nanocraters. Optical image of incomplete GNC pattern in absence of
reduction. (E) After 30 min adsorption of Au®" with thiol. (F) and (G) Left for 1 hr and 24 hrs in air.

evidently concede with aforementioned AFM studies.

Plasmonic effect of gold nanoparticles results in the various optical
properties of GNC when formed with different nanostructures. For
example, images in Fig. 2G-I captured the different colors of GNCs under
the bright field of microscope. These GNCs were fabricated inside a
chamber with varied local droplet conditions along the flow direction.
The UV-Vis spectrum in Fig. 2J shows a wide absorbance band of a
representative GNC ranging from 450 to 700 nm with a peak center at ~
550 nm. The absorbance peak demonstrates the existence of Au nano-
particles in GNCs and the broad absorption bandwidth reveals a rela-
tively broad size distribution of Au NPs, which may bring an enhanced
sensitivity of the GNCs to light in future photonic applications based on
localized surface plasmon resonance, similar to a thin film with attached
Au nanoparticles [40].
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3.3. Au ion absorption at DT droplet surface

Thiol-gold clusters in the droplets may quench the fluorescence in-
tensity of a dye, a property that was used to follow the changes of
droplets after the absorption of Au ions. Droplets doped with fluorescent
dye, nile red, were followed at the excitation wavelength of 561 nm
using TIRF microscopy as shown in Fig. 3 (A-D). Immediately after
contact with auroic solution in step 1, all the droplets were evidently
observed by the evanescent wave from total internal reflection near to
the substrate to the strong fluorescent intensity of droplets. After gold
precursor was injected into the chamber for different times (3, 6, and
8 min), the fluorescent intensity of the droplets gradually became
weaker. The fluorescence signal almost disappeared from the middle of
the droplet and faded around the droplet after 8-min. The above changes
in fluorescence quenching of the droplets might signify the development

200.0 nm

-100.0 nm

200.0 nm

-100.0 nm

Fig. 4. Effect of duration for absorption of auric ions. (A) Optical image of GNCs from 2-min absorption (underdeveloped GNCs). (B) Magnified optical image of (A).
(C) AFM image of 2 min absorption. (D) Profile of underdeveloped gold nanocrater by 2 min exchange. Optical images of, (E) Absorption for 5 min ( morphology of
developed GNC). (F) Magnified optical image of (E). (G) AFM image of 5 min exchange of gold precursor solution. (H) Profile of developed GNC by 5-min absorption.
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Fig. 5. (A) UV absorbance spectra of MO aqueous solution using GNC substrate. (B) Kinetics of degradation of MO in the aqueous solution. (C) Average rate kinetics
of degradation of MO during the degradation process. (D) UV absorbance spectra of MLB aqueous solution using gold nanocraters substrate. (E) Kinetics of
degradation studies of MLB aqueous solution. (F) Average rate kinetics of degradation of MLB during the degradation process.(G) UV absorbance spectra of RhB
aqueous solution using gold nanocraters substrate. (H) Kinetics of degradation studies of RhB aqueous solution. (I) Average rate kinetics of degradation of RhB during

the degradation process.

of GNCs into a peripheral ring during Au ion absorption. The absorption
of Au ions was terminated at 30 min by taking the substrate out of the
flow chamber without reduction. The color of GNCs in optical image
(Fig. 3E) was pretty uneven. After these substrates were exposed in at-
mosphere for 1 h and 24 h, no obvious difference was found in the
droplet color in Fig. 3 F,G, suggesting no further reaction took place in
air and thus the reduction with citrate could contribute to the formation
of a more uniform GNC array.

In addition, the final morphology of GNCs also depended on the
duration of auric ion absorption. Au absorption took nearly 2 min which
was then reduced by citrate, the final morphologies of these underde-
veloped GNCs were characterized by optical microscopy and AFM, and
shown in Fig. 4 A-D. For an individual GNC, the rim was not fully in-
tegrated to be a concentric ridge and the trough at the middle of GNCs
was rough with obvious bumps. As the duration of Au ion absorption
was extended to 5 min, GNCs developed into the morphology of typical
concentric ridge around the periphery as given in Fig. 4 E-H. The dif-
ferences between the final morphologies of GNCs in two cases could be
attributed to number of nuclei formed over the droplet in step 1[41].
During absorption of Au ions, the large specific surface area of ordered
thiol droplets provide active sites for absorption Au ions. the ions may
also diffuse into the droplet. With a shorter absorption time (i.e. 2 min),
the amount of retained gold ions could not be sufficient so that the

converted product could not cover the whole base area of the droplet.
Sporadical nucleation of the gold complex led to development of an
irregular shape after reduction by citrate. As the absorption time
extended to 5 min, larger amount of Au ions bind with thiol droplets and
more product were formed to cover the droplet surface.

It is interesting what leads to the final shape of GNCs. In previous
work, silver nanoparticles were synthesized from droplet reaction with
silver precursor solution.[42] The final structure consisted of clusters of
silver nanoparticles on the droplet base area. In contrast, from droplet
reaction, porous metal oxides took the shape of nanocaps with spatial
arrangement and surface coverage predetermined by droplets, [43]
resembling a superparticle assembly from evaporation of multicompo-
nent droplets [44]. In the case of polymeric microdents with a crater
shape, droplet liquid dissolved the superficial polymer layer, and then
the dissolved polymer was deposited preferentially along the rim during
droplet dissolution[45]. There was no chemical reaction involved, apart
from swelling, dissolution, and deposition of the polymer. Different
preferential deposition, faster formation of the product around the rim
than on other area of the droplet surface may also lead to more deposit
on the edge. Faster reduction of gold-thiol complex may explain the
shape of gold craters observed in this work. This mechanism is consistent
with our latest work, where faster reaction rate along the rim was
attributed to the faster microbubble formation from the gas product in
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Fig. 6. Degradation behaviors for 3 consecutive cycles during recyclability test, (A) Kinetics of degradation studies of MB aqueous solution during three cycles, (B)
Average rate kinetics of degradation of MO during 3 cycles in degradation process, (C) Degradation efficiency during each cycle.

the droplet reaction [46,47].

3.3.1. GNCs catalyzed dye degradation

Catalytic activity of GNCs was first determined by reducing an
anionic dye, MO on a GNC substrate in the presence of NaBH, in the dye
solution. The characteristic absorption peak of MO was located at
465 nm in a UV-vis spectrum in Fig. 5A. The intensity of the peak
gradually decreases in the presence of a GNC substrate immersed in the
solution. The disruption of the chromophoric structure in MO is cata-
lyzed by GNCs. After 85 min, the degradation of MO in the solution
reached 70%, indicating that the majority of MO in the solution had
been degraded. In comparison, the absorbance of MO solution in the
absence of GNC substrate does not significantly decrease after 85 min of
interaction with NaBHj, as shown in Figure S2a.

The catalytic degradation rates (C/Cp) of MO are plotted in Fig. 6.
Additionally, the Langmuir-Hinshelwood model was used to quantify
the reaction kinetics of MO degradation in the presence and absence of
GNC substrate.[48-50] The kinetic rate constants were determined as
follows using the first-order kinetic equation 2:

dc, dA,

@ a s ke @

where, C; is concentration of MO at time t.

The concentration of MO can be determined by its absorbance in-
tensity (Ap at 465 nm. After integrating equation 2 with the absorbance,
we can obtain Eq. (3) to quantify the degradation. Where, A and A, are
the initial and final absorbance intensity of MO at 465 nm. Cy represents
the initial concentration of MO at t = 0.

G A
lnFO = lnA—o = —K,A, 3)

The catalytic degradation of MO followed a linear pattern and
exhibited pseudo first-order kinetic characteristics. The slope of the
linear fitted curve in Fig. 5 B yields the kinetic reaction rate constant
(Ko The K, for GNCs- and non GNCs-facilitated catalytic reaction were
determined to be 1.123 x 10~ 2min"! and 3.796 x 10~ *min!, which are
comparable to the previous surface based catalyst studies respectively
[50-52]. The high reaction rate is attributed to the catalytic capability of
GNCs. As shown in Fig. 5 B, the average kinetics values (Kgy) for the
GNCs catalytic degradation is 0.08951, and 0.00283 min* without
GNC, as shown in Fig. 5 C.

Besides anionic dye, cationic dyes such as methylene blue (MLB) and
rhodamine B (RhB) were also used to evaluate the catalytic activity of
GNCs. The degradation process of MLB and RhB in the presence of
NaBH,4 and GNC substrate is shown in Fig. 5 D and G, respectively. The
degradation of MLB reaches to 60% with in 100 min of reaction, while
80% of the RhB was degraded after a 20 min reaction. In the absence of
GNCs substrate, there was no significant degradation for both MLB and
RhB, as shown in Figure S2 in Supplementary Materials.

The rate constant of GNC assisted MLB degradation reaction was

Table 2

The reaction rate for MO dye catalytic degradation cycles.
Reaction Reaction rate constant (K,) Values
Cycle 1 Ko 1.036 x 10~ 2min~!
Cycle 2 Kca 1.118 x 10 %min~!
Cycle 3 Kcs 1.032 x 10 %min~!
MO only Ks 0.06 x 10 %min !

found to be 0.978 x 1072, nearly 6.4 fold of blank dye degradation rate
(Kqg=0.151 x 10~%min~ ") with out using GNCs (Fig. 5E). The catalytic
degradation rate profiles (C/Cp) of MLB and RhB in presence and
absence of GNCs substrate are plotted in Figure in S3. Correspondingly,
the average rate kinetics of MLB using GNCs were found higher to be
0.0588 min~! much higher than its counterpart without GNCs (0.01518
min~ 1) during the degradation process, which is represented in Fig. 5F.
Similarly, in the case of RhB, the reaction rate constants are obtained as
9.516 x 1072 and 0.692 x 10 ®min~! with and without using GNCs
(Fig. 5H). The average reaction rate constant for the GNCs favored
catalytic degradation of RhB was 0.09376 min !, roughly eighteen times
higher than the average rate constant of blank dye degradation (Kgy =
0.00539 min~') with out GNCs substrate as shown by Fig. 5I.

The catalytic efficiency of our GNCs appears to be lower than that of
other studies ranging from 1.3 to 26 min~'. However, in our tests only a
small piece of GNC-coated substrate was immersed in the solution, so the
total mass of GNCs contributed to the reaction was small, in comparison
to the degradation with catalyst directly added into the solution [53].
The outstanding efficiency from interconnected gold on a filter paper
[54,55] or gold nanoparticles in electrospun nanofiber membranes [56]
provide important hints for future work. A porous substrate (such as
paper or fiberous memberanes) may be used for GNC formation to
improve catalytic efficiency.

3.3.2. Reusability of surface-bound GNCs catalytic degradation

The advantage of surface-bounded catalysts is their ease of separa-
tion from the reaction medium and their ability to perform repeatable
catalytic activity. To determine the reproducibility of GNCs substrates in
repeated catalytic reactions, we performed three sets of MO degradation
using the same GNCs substrate. Figure S3 clearly depicts the absorbance
spectra of catalytic degradation process during cycle 1-3. The corre-
sponding degradation rate constants of cyclic degradation studies
included with blank dye degradation without GNCs were deduced by
graphs in Fig. 6 A and listed in Table 2. The K, for the three repeated
cycles (0.077, 0.084 and 0.078 min~!) assisted by GNCs potently
demonstrate the excellent consistency of GNCs catalytic activity (Inset in
Fig. 6 A). The degradation efficiency of each cycle was plotted against
reaction time in Fig. 6 C, which suggests that the degradation percent-
ages of MO for cycle 1, 2 and 3 are 71.4%, 75.6% and 71.6%, respec-
tively. The slight discrepancy in the degradation kinetics and
degradation efficiency could be associated with the incomplete removal
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Fig. 7. (A) Mechanism of catalytic degradation of MO by GNCs, (B) and (C) Degradation reaction of RhB and MLB.

of the bounded dye molecules from the surface, resulting in the decay of
the catalytic sites. Optical images of the GNCs substrate before and after
3 catalytic cycles in Figure S4 confirm the stability of catalytic substrate
after the cycles.

The possible degradation mechanism of the MO dyes catalyzed by
GNC substrate is illustrated in Fig. 7 A. During the process of MO
degradation, NaBH,4 serves as an electron donor which transfers the
electrons to MO. The acceptance of electrons of MO breaks its -N—N-
bond, leading to the degradation to N,N-Dimethyl-p-phenylenediamine
and sulfonic acid.[57] In the presence of GNC substrate, the diffusion of
MO molecules and BH; ions to the GNC surface allows the abundance
of electrons from GNC active sites to facilitate the electron transfer be-
tween the electrophilic dyes and nucleophilic BH;' ions [50,58]. As a
result, the enhancement of electron transfer to MO molecules by GNCs
facilitates the rapid dye reduction. In addition, the high catalytic activity
of the GNGs is also attributed to the large surface to volume ratio, high
surface coverage and ordered nanostructures, all of which further im-
proves the electron transfer efficiency thereby reducing the energy
barrier during the degradation reaction. The same catalytic mechanism
applies to the degradation of RhB and MLB as well with their reduction
reactions shown in Fig. 7 B and C. The presence of NaBH4 and GNC
catalyst leads to the fast reduction of MLB and RhB to their lecuo forms
[59], resulting in the decay of the dye color.

4. Conclusions

We demonstrate that sequential reactions with femtoliter droplets on
a substrate can be leveraged for producing catalytic gold nanocraters in
an ordered array over a large surface area. The droplets remained stable
during switching the reaction solutions for ion absorption and for sub-
sequent reduction. The final morphology of GNCs as characterized by
atomic force mciroscope could be controlled by conveniently varying
the duration in contact with gold precursor. The composition of GNCs
was confirmed by XPS spectra. The catalytic activity of GNCs were
evaluated by degradation of both anionic and cationic azo dyes in water,
which could be maintained on the same level after three cycles. Our
work demonstrates that sequential droplet reactions provide a new route
for fabrication of surface immobilized nanomaterials. As the entire
process is in a flow-in process, this novel approach offers unique flexi-
bility in fine tuning independently the reactant concentration and re-
action time in each step of the synthesis of surface-bound catalytic
nanomaterials. We expect that this new approach is not limited to the

reactions for producing gold structures, but is applicable to many re-
actions that involve reactants in two immiscible phases. The high
number of potential advantages of droplet reactions can be broadly
explored in future for synthesis of other surface-bound nanomaterials.
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