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Abstract

The design and synthesis of highly efficient and ultrafine bimetallic nanoparticles catalysts is
challenging. Here we report the synthesis of AgRh bimetallic nanoparticles (AgRh BNPs)
stabilized by graphene quantum dots (GQDs) and their exceptional catalytic activities in the
reduction of 4-nitrophenol, 2,4-dinitrophenol and 4-nitrobenzene diazonium tetrafluoroborate and
generation of hydroxyl radicals. Construction of AgRh BNPs nanocomposites is accomplished by
mixing of GQDs and sodium borohydride, followed by the addition of simple commercial Ag and
Rh salt at 0°C in water: Among them, AgRh BNPs 4 exhibits excellent catalytic performance
owing to a positive synergistic effects between the Ag and Rh atoms on GQDs, and its catalytic

activity is better than those of both monometallic counterparts.
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Introduction

In the last few decades, bimetallic nanoparticle (BNPs) with novel compositions and well-defined
structures are of particular current interest due to their composition-dependent electronic, optical
and catalytic properties.[!l They have been widely used as efficient heterogeneous or homogeneous
catalysts for a broad range of inorganic and organic reactions,?! owing to the synergistic effects
between different metal atoms of BNPs often result in remarkable enhancement of the overall
catalytic activity and selectivity by restructuring the average binding energy of the surface of
BNPs, compared with monometallic nanoparticles.l}] As a result, plenty of cost-effective BNPs
catalysts have been developed by dilution of scarce and noble metals using comparatively earth-
abundant metals. AgRh bimetallic nanoparticles has generated enormous-excitement because of its
wide applications in the hydrogen absorption,* catalysisi! and oxynitride decomposition.l®] The
AgRh BNPs system has thus been utilized as an effective method to further improve catalytic
activity and selectivity and to reduce the required amount of Rh by alloying with much cheaper
and more abundant Ag, since Rh is extremely scarce and expensive. Although Ag and Rh are
immiscible even at 2000 °C in bulk form, this problem has been recently solved by reducing the
NPs size to a very few nm.[”l However, the physical and chemical behavior of AgRh BNPs have
been less investigated than other BNPs, therefore, an efficient and simple way to construct AgRh
BNPs is still necessary.

Graphene quantum dots (GQDs) have attracted considerable attention from researchers due to
their low toxicity, biocompatibility and chemical inertness.®] GQDs, consisting of ultrasmall
fragments of graphene nanosheets, have the excellent chemical and physical properties of
graphene, including high surface area, surface groups and better surface grafting using n-m
conjugation. Therefore, they have been successfully used as efficient catalyst supports for
stabilizing transition metal nanoparticles (TMNPs). For example, AuNPs on GQDs for
electrochemical detection of H,O, in biological environments,!”) for S. aureus specific gene
detection!'%! and for Pb?* detection.[!!] Our laboratory has long term interest in the synthesis of
TMNPs and their application.l'?! Hence, in this work, we first report the synthesis of various
graphene quantum dots stabilized AgRh bimetallic nanoparticles and their exceptional catalytic
activity in the reduction of 4-nitrophenol, 2,4-dinitrophenol and 4-nitrobenzene diazonium
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Figure 1. The synthesis of AgRh BNPs



tetrafluoroborate and generation of hydroxyl radicals. In our study, we used our previously
reported GQDs A (Figure 1) with a narrow size distribution range from 2.25 to 3.50 nm as the
model system for the AgRh BNPs supports.l'3] GQDs A were made from only natural polymer
starch and water, and have uniform structure. In addition, A is highly soluble in water, allowing
for stabilizing AgRh BNPs to be conducted in water with great stability. GQDs plays a decisive
role on stabilizing the nanoparticles in a controlled fashion to prevent the aggregation.
Construction of the AgRh BNPs has been conducted here by direct coordination of Ag(l) and
Rh(III) ions onto GQDs followed by NaBH,4 reduction in water. The alloyed nano-structure with
optimized ratio 1:1 of Rh : Ag compositions is significantly more active as catalysts than Rh and
Ag itself in the reduction of 4-nitrophenol, 2,4-dinitrophenol and 4-nitrobenzene diazonium

tetrafluoroborate and generation of hydroxyl radicals.

Experimental

Chemicals and reagents

All commercial materials were used without further purification, unless indicated. The deionized
water was prepared in the laboratory. The starch, AgNO;, Rh(NOs);, 4-nitrophenol, 2,4-
diaminophenol, 4-aminobenzene diazonium nium tetrafluoroborate, H,O, (w%, 30%), methylene
blue and NaBH,; were purchased from Aladdin Reagent Co., Ltd. (Shanghai, China,

http://www.aladdin-e. com/).

Instruments

UV-Vis absorption spectra were recorded on a UV1900 spectrophotometer (Shimadzu, China)
with a 1 cm.quartz cell. Transmission electron microscopy (TEM) measurements were performed
on a TECNAI F-20 electron microscope (JEOL 2100F, Netherlands) at an accelerating voltage of
200 kV. Surface analysis by XPS was performed in a Thermo SCIENTIFIC ESCALAB 250Xi

(ThermoFischer, USA) system spectrometer in an ultra-high vacuum (UHV) chamber.

Preparation of the GQDs

GQDs were synthesized from only commercial natural polymer starch and water using our
previously reported method.['3] The starch of 0.3g was firstly dispersed in 25 mL deionized water
and stirred at 60°C for 15 min. After it is dissolved, the solution was immediately poured into a
100 mL Teflon lined stainless autoclave, which was then heated in an oven at 180 °C for 8 h. Then,
the autoclave was taken out to be cooled freely. The final brown product was transferred into
centrifugal tubes, and centrifuged at 10000 r/min for 30 min to separate out the precipitate. The

pale yellow liquid which was obtained finally was the solution of graphene quantum dots (GQDs):
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0.31 g/L.

The preparation of AgRh BNPs 4 as a general procedure

First, 1 mL(0.31 g/L) GQDs are dissolved in 2 mL of deionized water in a Schlenk flask, and the
solution is stirred for 10 mins at 0 °C. Then a colorless solution of NaBH, (5 x103 mmol in 1 mL
water is added to the solution of GQDs. And the solution is stirred for 30 mins. A 1-mL aqueous
solution containing 1.25%x10* mmol AgNO; and 1.25x10* mmol RhNO; is added dropwise,
provoking a color change to brownish yellow (Figure S4) due to the reduction of the cation to the
zero-valent metal and formation of AgRh BNPs 4. The 4 were kept in aqueous solution for
characterization and their used as the catalysts. AgRh BNPs 3 (Figure S3) and 5 (Figure S5) were

synthesized in the same method.

Catalysis of 4-nitrophenol reduction

An aqueous solution (2.5 mL) containing 4-nitrophenol (0.09 mmol) and NaBH, (9 mmol) is
prepared in a standard quartz cuvette (3 mL, path length: 1 cm). The TMNPs catalyst (5 mol%) is
injected into this solution, and the reaction progress is detected by UV-vis. spectroscopic analysis

every min at 22 °C. (Figure S6-S19)

Generation of Hydroxyl Radicals

An aqueous solution containing 3-mL of AgNPs (1.5x10* mmol) and methylene blue (3.375x107
mmol) is prepared in a standard quartz cuvette (3 mL, path length: 1 cm). The H,O, (0.1 eq -10 eq)
is injected into this solution, and the reaction progress is detected by UV-vis. spectroscopic

analysis every min at 22 °C. (Figure S20-S27)

Results and Discussion

Synthesis of the AgNPs, RhNPs and AgRh BNPs

First, as a comparative experiment, Ag and Rh monometallic nanoparticles (1 and 2) were
conducted by adding simple commercial silver nitrate and rhodium nitrate into a solution of as-
synthesized GQDs and sodium borohydride at 0 °C, respectively. A color change to orange
(AgNPs) due to the reduction of the cation to the zero-valent metal and formation of the AgNPs
(Figure 1). The characteristic peak at 400 nm of AgNP, with a size of 14.65 nm, has also been
observed in UV-vis spectra (Table 1 and Figure 2a), while RhNPs (2.14 nm) appear by TEM
(vide infra) to be too small to be plasmonic (Figure 2b). Then, we further synthesized AgRh
BNPs 3-5 by dilution of Rh with Ag that altered the Ag to Rh molar ratios, for further increasing

the catalytic efficiency and selectivity and to reduce the required amount of Rh.



Figure 2. TEM images of AgNPs (a), Rh-NPs(b), AgRh, NPs (c) and Ag,Rh NPs (d)

Figure 3. (a) TEM image of AgRh NPs; (b) HRTEM image of AgRh NPs.

The synthesis of GQDs-stabilized AgRh NPs 3-5 were conducted by using as-synthesized GQDs
and sodium borohydride dissolved in water, and followed by the addition of different molar ratios
of Ag and Rh salts(1:2, 1:1 and 2:1), respectively. Typically, the total amounts of AgNO; and
Rh(NO3); is fixed at 2.5%10* mmol. Ag (I) and Rh (IIT) ions were bonded to -COOH and -OH
groups of the GQDs, and the corresponding nanoparticles have a small size and are good catalysts.
However, the characteristic peaks of AgNPs do not appear in the UV-vis spectra of all the AgRh
BNPs 3-5, due to the interference of RhNPs. Figures 2 and 3 exhibit the representative TEM
images of as-obtained AgRh BNPs with different Rh to Ag molar ratios. The monodispersed
RhAg BNPs are homogeneously surrounded and stabilized by GQDs A. As the results of the NP



size distribution histogram, the sizes of AgRh BNPs 4 (4.52 nm) is much bigger than those of
AgRh; BNPs 3 (2.10 nm) and Ag,Rh BNPs 5 (3.20 nm). Moreover, a representative HRTEM
image of alloyed AgRh BNPs 4 also exhibits the (111) lattice fringe distance of 0.274 nm (Figure
3b), indicating an increase of the interatomic separation distance for alloyed AgRh BNPs.

The X-ray photoelectron spectroscopy (XPS) spectrum of 4 has also been recorded, for further
verifying the exact oxidation states of the constituent metals in BNPs. The Rh 3d core level XPS
spectrum of 4 is shown in Figure 4a. Rh 3d is fitted with two pair of peaks for the 3dsp and 3ds),
doublets, the Rh 3ds, and 3d;, peak positions at 309.0 and 314.2 eV are assigned to Rh(0),
respectively, whereas peaks at 310.3 and 315.3 eV correspond to 3ds, ‘and 3d;, of Rh-O,
respectively. It is clear that Rh has been partially oxidized to Rh,O;, due to the small size (4.52
nm) and the free molar energy of formation of Rh,O; (-39 kcal/mol). In fact, the excellent
catalytic activity of Rh is crucially attributed to Rh,Os surface of RhNPs.['*1 On the other hand, the
Ag 3ds;, and Ag 3d;/, peaks at 368.2 and 374.1 eV, with a difference of 5.9 eV, is due to the Ag(0)
in the 4 in Figure 4b, respectively. Thus, Rh has been partially oxidized to Rh,O; in the 4,

whereas the oxidation of Ag has not been observed.
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Figure 4. XPS spectra of (a) Rh 3d, and (b) Ag 3d over AgRh NPs.



Compared catalytic performance of 1-5 in the 4-nitrophenol reduction by NaBH,4

The catalytic performance of these AgRh BNPs have been investigated here in the reduction of 4-
nitrophenol, a highly hazardous and poisonous pollutants, by sodium borohydride. The 4-
nitrophenol reduction (eq. 1), which is a classic reaction for the assessment of the metal
nanoparticles’ catalytic properties, is easily monitored by UV-vis spectra due to the absorption
band of 4-nitrophenol at 400 nm and that of 4-aminophenol at 300 nm, respectively.l’l The
reduction of 4-nitrophenol has been carried out in the presence of 5.0 mol% NPs with 100 equiv of
NaBH, in water at room temperature (Table 1 and Figure S6-S15 in the ESI). The results show
all the reduction reaction did not need induction time (Table 1, entry 1-6). First, pure AgNPs 1 and
RhNPs 2 are used in 5% mmol only providing k,,,=2.0X 10 and 2:8X 107 s°!, respectively
(Table 1, entry 1 and 2). The reaction rate k,,, of 4 (3.2X 10~ s’ is much higher than these of 3
(2.5X 103 s and 5 (2.9X 103 ) (Table 1, entry 3-5). It is obvious that 4 with molar ratio of
1:1 of Ag and Rh, shows the highest reaction rate among these BNPs (Table 1, entry 4), this is
due to the positive synergistic effect of Ag and Rh.atoms. In addition, to study the scope and
generality of the present system, the reduction of 2,4-dinitrophenol (Eq. 2) and 4-nitrobenzene
diazonium tetrafluoroborate (Eq. 3) have also been studied in the presence of 4 under the same
condition as 4-nitrophenol reduction. The results exhibit that 2,4-dinitrophenol (the characteristic
peaks at 360 nm and 440 nm decreases) and 4-nitrobenzene diazonium tetrafluoroborate (the
characteristic peak at 400 nm decreases) have been successfully reduced to 2,4-diaminophenol and
4-aminobenzene diazonium nium tetrafluoroborate with the reaction rate k,,,=2.0 x 103 and 1.4 x

1073 s°! (Figure S16- S19 in the ESI).

Table 1. 4-Nitrophenol reduction catalyzed by AgRh BNPs in water.?

5% NPs
HOONOZ ° - HOONHZ
100 eq NaBHy,, H50, r.t.

Eq. 1
T™ (2.5x10- SPBY(nm
Entry A NPs To(s) Kiappx 1073 571 De(nm)
mmol) )
1 Ag 1 0 2 400 14.65
2 Rh 2 0 2.8 / 2.14
3 AgRh, 3 0 2.5 / 2.10
4 AgRh 4 0 3.2 / 4.52
5 AgrRh 5 0 2.9 / 3.20

5.0 mol % NPs were used in the catalyzed 4-nitrophenol reduction NaBH, is in excess (100/1). *Induction time.°Rate constant.
dSurface plasmon band. ¢Core size ( TEM) of the NPs.
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5% AgRh BNPs
HO NO, ° A9 ~ HO NH,
100 eq NaBH,, H50, r.t.

O.N HoN Eq.2
5% AgRh BNPs
OzNONzBF4 229 - HzN@NzBF4
100 eq NaBH4, Hzo, r.t.

Effect of AgRh BNPs 4-Generated Hydroxyl Radicals.

Eq.3

It is well-known that AgNPs have been demonstrated to catalyze conversion of H,0, into highy
reactive oxidizing species such as hydroxyl radicals (Figure 5), via the Fenton-like reaction
between AgNPs and H,0,.[1% The generation of hydroxyl radicals can be monitored by the system
of *OH oxidized reaction from methylene blue (MB) to MB-OH in the decrease of absorption of
MB at 666 nm in the UV-vis spectrum. The time dependent UV-vis spectrum of MB during 0.05
mmol/L 4 and 0.25 mmol/L (5 eq) H,0, is shown in Figure 6a. After 25 mins, the peak of MB
(666 nm) intensity decreases 0.170 is much higher than those of pure AgNPs (0.102) and pure
RhNPs (0.032). It is expected that a drastic absorption change has been observed, verifying that
generation of hydroxyl radicals induced by 4, which is more efficient than pure AgNPs, and
further oxidized MB to MB-OH. Then 4 induced *OH generation has been studied with different
concentration of hydrogen peroxide in Figure 6b (Figure S31-S36 in ESI). From 0.1 to 1.0 eq of
H,0, (compared to the amount of 4), the generation of hydroxyl radicals presents a linear
relationship. While above 1 eq of H,0O,, the production of hydroxyl radicals no longer increased,
indicating the saturation of the reactivity of 4. In addition, MB peak intensity remains unchanged
without 4 or H,O, It is completely consistent with the proposed Fenton-like reaction between

AgNPs and H,O, for generating *OH.

Figure 5. Schematic illustration of 4-generated hydroxyl radicals.
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Figure 6. (a) UV—Visible absorption spectra for the oxidization of methylene blue by 4 and 5 eq
H,0,; (b) Effect of HyO, on the generation of hydroxyl radicals from samples containing 3 mL of

1.5x10* mmol 4, 3.375x10> mmol methylene blue and H,0, at different concentrations.

Conclusion

A green and facile method of synthesis of graphene quantum dots stabilized AgRh bimetallic
nanoparticles has been developed in this work. Construction of pure AgNPs, pure RhNPs and
AgRh BNPs 3-5 nanocomposites are accomplished by mixing GQDs and sodium borohydride,
followed by the addition of simple commercial Ag or Rh salt at 0°C in water. Among them, 4
exhibits excellent catalytic performance in reduction of 4-nitrophenol by NaBH, and generation of
hydroxyl radicals and further oxidized MB to MB-OH, via a positive synergistic effects between
the Ag and Rh atoms on GQDs, than those of other BNPs and pure Ag or RhNPs. The present

work provides a green and facile method for synthesis of high performance bimetallic NPs.
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1. The design and synthesis of highly efficient and ultrafine bimetallic nanoparticles catalysts is
challenging.

2. Here we report the synthesis of AgRh bimetallic nanoparticles stabilized by graphene
quantum dots (GQDs)

3. Their exceptional catalytic activities in the reduction of 4-nitrophenol, 2,4-dinitrophenol and 4-

nitrobenzene diazonium tetrafluoroborate and generation of hydroxyl radicals.
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The design and synthesis of highly efficient and ultrafine bimetallic nanoparticles catalysts is
challenging. Here we report synthesis of graphene quantum.dots-stabilized bimetallic AgRh
nanoparticles and their exceptional catalytic activity in the reduction of 4-nitrophenol, 2.4-
dinitrophenol and 4-nitrobenzene diazonium tetrafluoroborate and generation of hydroxyl radicals.



