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A solution stabilization strategy that uses an easily removable media is critical to graphene

(G) applications. Here, we demonstrate that highly stable graphene dispersions in low boil-

ing point solvents such as isopropanol can be readily achieved by the uniform deposition of

Ag nanoparticles (NPs) on the surface of graphene. Optimizing the synthesis parameters

such as ultrasonic intensity, feeding strategy, loading content and precursor concentration

allowed us to tune the particle size and, in this way, the stabilizing effects of the NPs on the

dispersions. The as-obtained Ag/G/i-PrOH dispersions exhibit versatile nonlinear optical

properties suggesting a great potential in nanophotonic applications such as absorber for

ultrafast lasers and eye protection.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Two-dimensional atomic crystals were argued to be thermo-

dynamically unstable and presumed not to exist until 2004

when graphene (G) was first experimentally isolated by a del-

icate handcraft (scotch-tape technique) [1]. Research on

graphene has developed at a very rapid pace because of its ex-

tremely high carrier mobility, mechanical flexibility, optical

transparency, and chemical stability, among others [2–5]. For

many applications, producing pristine graphene sheets in

large quantities is a prerequisite. This can be achieved by

exfoliation of graphene from natural graphite in the liquid
phase [6–11]. In addition to its low cost, simplicity and high

scalability, the method also allows for flexible manipulation

of graphene into various processes, such as impregnation,

blending, casting, or functionalization. High-quality disper-

sions of graphene without oxidation have been obtained by

using such solvents with Hansen solubility parameters that

matched reasonably well with those suggested for graphene

[6–10]. However, the best solvents mostly have high boiling

points leading to removal problems during processing. Simi-

lar challenges also occur for surfactant- or polymer-exfoliated

graphene. Additionally, aggregation would take place during

the slow solvent evaporation making it difficult to deposit
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individual graphene sheets from the dispersion. To address

these issues, exfoliating graphene in solvents with low boiling

temperatures appears promising, although the graphene dis-

persions in such solvents are relatively unstable. Correspond-

ingly, it is of great significance to develop an effective strategy

to enhance the stability of the system to foster practical

applications.

Graphene has recently been demonstrated as a promising

candidate material for photonic and optoelectronic nanode-

vices [12–16]. Single-layer graphene absorbs approximately

2.3% of incident white light [5], and possesses a very high

absorption coefficient of up to 3.01 · 105 cm�1, being 70 times

larger that of GaAs [17]. In contrast to C60 that only has a non-

linear optical (NLO) response in the visible spectral region,

pristine graphene dispersions exhibit ultrafast carrier relaxa-

tion times and broadband NLO responses to nanosecond

pulses from the visible to the near infrared regime [12]. The

principle mechanism for such NLO response is nonlinear

scattering that arises from the formations of solvent bubbles

and microplasmas [12]. Alternatively, tailoring the electronic

bandgap of graphene by chemical doping, applied bias, and

adsorption of gases and water molecules offers a tunable plat-

form for optical applications. The unique two-dimensional

sp2 carbon network of graphene also permits formation of

versatile NLO hybrid structures by attaching functional mate-

rials, such as metal nanoparticles (NPs) or polymers [16]. So

far, most previous work in this regard employs graphene

oxide or reduced graphene oxide as a support [18,19], the

properties of which differ significantly from those of pristine

graphene. Therefore, it is interesting to explore the NLO prop-

erties of pure graphene-based composites.

Here, we demonstrate that the deposition of Ag NPs on

graphene surfaces is capable of effectively enhancing the sta-

bility of graphene dispersions in low boiling point solvents

(isopropanol (i-PrOH), acetone). The obtained Ag-stabilized

graphene dispersions were used for the preparation of con-

ductive films. Applying high-intensity ultrasound during the

synthetic procedure facilitated rapid occurrence of primary

nucleation, and as a result, small crystals with uniform size

were formed and homogeneously deposited onto graphene.

Note that no capping ligands are required during the process,

resulting in clean surfaces for the NPs and avoiding the prob-

lem that the stabilizer molecules adversely affect particle

properties. The size of the NPs can be readily tuned by con-

trolling their degree of loading on graphene, ultrasonic inten-

sity, precursor concentration, and feeding strategy. Such a

scenario allows us to investigate the stability of graphene dis-

persions in relation to the size and loading content of Ag NPs,

as well as the NLO response of the resulting Ag-graphene

composites. Moreover, the NLO mechanism of the composites

is discussed.

2. Experimental

2.1. Materials

All chemicals used in this work were of analytical grade and

used as supplied. Isopropanol (product number 20842.312)

was supplied by VWR International. Acetone (product

number 1205409002) was obtained from Avantor Performance
Materials. Graphite powder (product number 332461) and

AgNO3 (product number 209139) were both provided by Sig-

ma–Aldrich and used without further treatments. NaBH4

(product number 8.06373.0100) was obtained from Merck

Schuchardt OHG.

2.2. Dispersion of graphene in low boiling point solvents

Graphene dispersions were prepared by adding graphite at an

initial graphite concentration of 5 mg mL�1 to 400 mL solvent

(i-PrOH or acetone) in 500 mL capped round-bottom flasks.

Ultrasonication was carried out in a sonic bath (Bandelin Son-

orex, 100 W, 35 kHz). To maintain sonication efficiency and

prevent overheating, the flask was kept in an ice-water bath.

After being subjected to 48 h sonication, the samples were left

to stand overnight to allow any unstable graphite aggregates

to form and then centrifuged at 2000 rpm for 30 min. After

centrifugation, the top two-thirds of the dispersion was

gently extracted by pipetting. The graphene concentration

(CG) was determined by measuring the mass of the remaining

solid after removal of the solvent by evaporation per volume

of the dispersion. The dispersion was then diluted to

0.05 mg mL�1 for further use. To ensure validity in compari-

son regarding stability and Raman measurements, the G/i-

PrOH dispersion was subjected to tip sonication with similar

parameters as those applied during the synthesis of Ag/G/i-

PrOH.

2.3. Deposition of Ag NPs on graphene

Typically, 20 mL of a graphene dispersion (CG = 0.05 mg mL�1)

in i-PrOH or acetone was first subjected to 2 min tip sonica-

tion (Bandelin Sonoplus HD3100, 100 W, 20 kHz, 3 mm diame-

ter tip). Subsequently, 1 mL of AgNO3 and 1 mL of NaBH4, both

dissolved in a mixing solvent (90 vol% of the low-boiling point

solvent and 10 vol% of distilled water), in turn were added

dropwise into the dispersion, respectively, under tip sonica-

tion within 2 min in each case. The mass concentration of

NaBH4 was 5 times higher than that of the precursor. All syn-

thetic processes were conducted at room temperature. The

ultrasonic power (P) was estimated by calorimetric measure-

ments using the equation P ¼ mCH2ODT=t, where m is the mass

of water, CH2O is the heat capacity of water (4.18 J g�1 K�1), DT

corresponds to the resulting temperature rise, and t repre-

sents sonication time. The ultrasonic intensity (W cm�2)

was calculated from the ultrasonic power divided by the sur-

face area of the tip (pr2).

2.4. Investigation of NLO properties

To test the NLO response, the Ag/G composites were dis-

persed in i-PrOH at a concentration of 0.12 g L�1 followed by

30 min ultrasonic processing. The NLO properties of the sam-

ples were studied by using the open aperture Z-scan tech-

nique, which is widely adopted to investigate the nonlinear

absorption, scattering and refraction processes. The Z-scan

technique measures the total transmittance through the

sample as a function of incident laser intensity, while the

sample is gradually moved through the focus of a lens

along the z-axis. In our work, the Z-scan was performed by
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employing a Q-switched Nd:YAG laser of 6 ns pulses at a

wavelength of 532 nm with a repetition rate of 10 Hz. The la-

ser beam was tightly focused with a 10 cm focus lens, and all

of the samples were examined in 0.1 cm quartz cells. The

starting transmission of the dispersions was 50%.

3. Results and discussion

To colloidally stabilize graphene is key for a solvent to effi-

ciently disperse it. For both carbon nanotube and graphene

dispersions in solvents, dispersion quality was reported to

be significantly related to the dispersive Hansen parameter,

dD [8,20,21]. Successful graphene dispersions were only

achieved for solvents matching 15 MPa1/2 < dD < 21 MPa1/2 [8].

Unfortunately, the dD values of low-boiling point solvents,

such as i-PrOH (dD: 15.8), are at the very edge of the allowed

range, leading to their poor stabilizing capabilities for graph-

ene. Measuring the absorbance at 660 nm per unit cell length,

A660/l, versus sedimentation time allows one to monitor the

dispersion stability in a quantitative manner [11]. Fig. 1 a

shows A660/l as a function of time for dispersions of G/i-PrOH,

1 wt%-, 3 wt%-, and (5 wt% Ag/G)/i-PrOH. A rapid decay in

A660/l by 40% took place for G/i-PrOH after 24 h, suggesting

occurrence of severe aggregation/sedimentation of graphene.

Fitting the data in the sedimentation time regime 0–24 h

using an exponential approximation by A660/l = (A660/l)0 +

[(A660/l)T � (A660/l)0]e�t/s gave (A660/l)0 = 116.92, and s =

19.82 h. (A660/l)T and (A660/l)0 correspond to the A660/l of the

initial dispersion and the stable phase, respectively, and s is

sedimentation time constant. This indicates that only 47%

of the graphene in i-PrOH remained dynamically stable over

20 h, which is a relatively short period of time. Nevertheless,

a two-phase exponential decay was found to fit well to all

data sets (dashed line in Fig. S1a). A drastic decrease by 75%

in A660/l after 880 h was witnessed, indicative of strong

degradation in dispersion quality. In sharp contrast, the dis-

persion of (1 wt% Ag/G)/i-PrOH retained very high stability

without loss of A660/l after 880 h. In the case of (3 wt% Ag/

G)/i-PrOH, the absorbance remained constant up to 140 h, al-

beit with some decrease by 35% after 880 h. These results
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show clearly that decoration of graphene with small amounts

of Ag NPs greatly enhances the stability of the graphene dis-

persions in i-PrOH. Similar effects were also observed for

the dispersions in acetone. The dispersion of (1 wt% Ag/G)/i-

PrOH was stable, showing no signs of settling after subjected

to heating at 80 �C up to 24 h. Moreover, even after thermally

treated at 150 �C (much higher than the boiling point of i-

PrOH) for 2 h, the system remained uniformly dispersed with-

out sedimentation or flocculation. This is in contrast to the

formation of graphene hydrogel upon heating the aqueous

dispersion of graphene oxide [22]. We are also surprised to

find that the absorbance remained almost constant over

24 h before falling slightly for the dispersion of (1 wt% Ag/

G)/i-PrOH diluted by water up to a 50% volume ratio

(Fig. S1b). These observations are relevant for the practical

handling of graphene-based dispersions.

The ability of Ag NPs to stabilize graphene depends criti-

cally on the particle size, distribution density, and loading

content. Decreasing the particle diameter resulted in higher

stabilizing capability at a given Ag loading, as illustrated in

Fig. 1a. Although the enhancement in stability declined with

increasing particle loading, the effect of stabilization was

found to predominate the gravitational force in the regime

<10 wt% Ag loading. It has been envisioned that individual

graphene sheets dispersed in a solvent can move and rotate

freely due to their kinetic energy. Once two sheets overcome

the energy barrier and collide in a small area, very strong

van der Waals forces (over 4650 kJ mol�1) will drive them to

recombine instantly. The occurrence of aggregation is there-

fore proposed to be a diffusion-controlled process [23]. We

consider that Ag NPs inhibited the diffusion of graphene

sheets, resulting in a smaller collision rate and consequently

a slower aggregation rate. Furthermore, the restacking of

graphene was impeded presumably due to steric hindrance

and Coulomb interactions between the Ag NPs. On the other

hand, decoration of graphene with Ag NPs, preferably on

the edges, hindered the contact conformations of graphene

sheets and the in-plane rotation, hence partly preventing

the sliding assembly of graphene. Additionally, introduction

of the NPs probably altered the atomic arrangement of the
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solvent along graphene, thereby shifting the adsorption equi-

librium toward a more steady state. Among others, the inter-

action between the NPs and graphene can cause increase in

energy barrier enabling stabilization of individual graphene

sheets. Not surprisingly, after removal of the solvent by evap-

oration, the solid obtained from the dispersion of (1 wt% Ag/

G)/i-PrOH is more easily re-dispersed in i-PrOH via mild bath

sonication without occurrence of aggregation of NPs (see Sup-

porting Information) in comparison with the precipitate that

resulted from G/i-PrOH.

As can be seen from the UV–vis spectra for the dispersions

of G/i-PrOH and Ag/G/i–PrOH (Fig. 1b), a surface plasmon res-

onance absorption typical of Ag NPs appeared at �425 nm

(i.e., 2.92 eV) for (20 wt% Ag/G)/i-PrOH. Unexpectedly, the par-

ticle size estimated from the full width at half maximum

(FWHM, �120 nm) of the absorption band using Mie theory

is <4 nm being much smaller than 6.5 nm obtained by TEM

[24]. This points to the influence of the absorption and scat-

tering of graphene, leading to an increase in FWHM and thus

decrease in particle size derived by Mie calculation. A weak

absorption around 350 nm (i.e., 3.54 eV) was observed as well

which may indicate the existence of Ag clusters in the sample

as corroborated by TEM (vide infra) [25]. The main absorption

attributed to the Ag clusters may be superimposed on the

absorption from large Ag NPs in the wavelength range of

400–500 nm. However, no such peaks were observable for

the Ag/G/i-PrOH with Ag loading levels below 5 wt%, probably

due to the predominant interference from graphene. The

strong peak shown at �265 nm in all cases arises from the

p-plasmon resonance commonly observed in graphitic mate-

rials [11]. We also found that there occurred a slight blueshift

(�3 nm) of the peak for the Ag/G/i-PrOH at 20 wt% Ag loading.

Fig. 2 shows the representative XRD patterns of the start-

ing graphite and of 3 wt% Ag/G. The diffraction peaks at

�26.6� and 54.2� shown in traces A and B in Fig. 2 originate

from the (002) and (004) reflections of the graphitic structure,

respectively [26]. Both peaks in trace A appeared almost at the

same positions as those in trace B, suggesting that the graph-

ite lattice parameters were retained after exfoliation. How-

ever, in trace B, weakening of the relative intensity of the

(004) peak occurred, and no (006) reflection was observed.

This is in accordance with sublattices consisting of fewer
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Ag/G (trace B).
than four graphene layers [26]. A broad peak at 43.5� that is

not present in trace A can also be seen, corresponding to

the (100) plane of graphene, whereas no peak characteristic

of graphene oxide at 10� was found, indicating the high qual-

ity of graphene without oxidation. The peak around 38.2� can

be assigned to the (111) reflection of the Ag face-centered cu-

bic (fcc) phase. The additional peaks appearing at 44.3�, 77.5�,
and 81.6� are indexed as the (200), (311) and (222) planes of

Ag. The unit-cell parameter a was calculated to be 4.079 Å,

which agrees well with the value of 4.0862 Å for pure Ag

(JCPDS file 4-783). The average crystallite size was estimated

as 8.4 nm from the (111) reflection utilizing Scherrer’s equa-

tion relating the coherently scattering domains with Bragg

peak widths: L = kk/Bcos(h), where k = 0.89 for spherical parti-

cles and B is the full angular width at half-maximum of the

peak in radians.

The nature of surface species in the as-obtained Ag/G was

probed by X-ray photoelectron spectroscopy (XPS). The wide

survey, O 1s, and C 1s spectra for the initial graphite, graph-

ene and 3 wt% Ag/G are shown in Fig. S2 and Fig. 3a and b,

respectively. Although deconvolution of the O 1s spectrum

manifested three peaks at 530.7, 532.1, 533.5 eV indicating

the presence of various oxygen-containing functional groups

with doubly and singly bound oxygen, the atomic concentra-

tions of oxygen in graphene and Ag/G were 3.2% and 3.4%,

respectively. These values are of similar magnitude with that

of 2% for pristine graphite, indicative of a very low level of oxi-

dation of graphene during the exfoliation process. To gain

more insight into the makeup of the exfoliated graphene,

we studied the plasmon satellites occurring approximately

from 5.6 to 7.2 eV above the main line of carbon (Fig. 3b).

These structures are closely associated with the p–p* and

2p–p interactions and also interfere with the oxidized C–O

functional groups. A decrease in intensity was observed for

the Ag/G sample, which was further confirmed by subtracting

the spectrum from pristine graphite (Fig. 3c). The depletion in

the region suggested a loss in graphite stacking order after

deposition of the Ag NPs, consistent with the random orienta-

tion of graphene sheets. The two peaks at both sides of the C–

C binding energy result from the slight broadening of the

main carbon signal in the samples of G and Ag/G relative to

the pristine graphite, which relates to the generation of de-

fects induced probably by sonication-cutting effect. The Ag

3d5/2 binding energy was centered at 368.4 eV, in line with pre-

vious report on Ag (0) (Fig. 3d) [27]. The other weaker doublet

in the Ag 3d core level XPS indicates the presence of a small

amount of oxidic Ag, which may originate from the slight oxi-

dation of Ag NPs upon exposure of the product to ambient air.

Fig. 4a and b show optical and SEM images of a typical film

formed by vacuum filtration of the (1 wt% Ag/G)/i-PrOH. Sig-

nificant quantities of large flakes were visible in the optical

image appearing as bright regions. SEM observations showed

that there also existed many small flakes with lateral sizes of

300 nm–1.5 lm that lay flat on top of each other (Fig. 4b). The

flake length is approximately 3 times as large as the flake

width. The presence of Ag in the NPs was confirmed by EDX

(Fig. S3) together with elemental mapping (Fig. 4c and d). No

large NP aggregates or agglomerates were observed during

SEM imaging of the sample. The edge of the film showed a

layered morphology (Fig. S4), the roughness of which may
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be attributed to the presence of Ag NPs. The NPs acted as

spacers between adjacent graphene sheets inhibiting the di-

rect stacking of graphene. This led to increase of their avail-

able surface areas when cast into films. For many

applications, exfoliated graphene sheets need to be free of

any stabilizer. One way to remove volatile stabilizing solvents

while retaining the dispersed morphology is through freeze-

drying. Low-boiling solvents such as i-PrOH and acetone are

suitable for freeze-drying because of their high vapor pres-

sures. Ag/G sponges with high microporosity were formed

after removal of the solvent from the dispersion at low tem-

perature. Such morphology probably arose from the assembly

of sheets via edge-to-edge and edge-to-surface interactions

(Fig. 5a) [28]. The three-dimensional structure consisting of

misaligned and interconnecting flakes may have potential

applications in catalysis and electronics.

TEM observations for 20 different sample areas showed

that NPs with uniformity in diameter remained well dis-

persed on graphene (Figs. 5b and S5a). The NPs appeared to

preferentially deposit on the edges as highlighted by arrows

in Fig. S5a. This may be due to the fact that heterogeneous

electron transfer occurs far more rapidly at the edges of a

graphene sheet (a typical rate constant, k, is approximately

0.02 cm s�1) than at basal planes (k < 10�9 cm s�1) [29]. Alter-

natively, small NPs tended to distribute on few-layer (<5) G.
A relevant explanation is that a thin graphene sheet has a lar-

ger surface diffusion barrier (Ed) and lower diffusion coeffi-

cient (D / exp (�Ed/KT), K and T are Boltzmann constant and

temperature, respectively) for Ag NPs than a thick one [30].

Some clusters of size 61.5 nm were also observed on graph-

ene, and were found to be stable against electron beam-in-

duced aggregation. A close TEM inspection of the sample

offered evidence for a single Ag NP embedded in between

two graphene sheets (inset of Fig. S5a). A selected area elec-

tron diffraction (SAED) pattern shows distinct concentric

rings, characteristic of polycrystalline Ag (inset of Fig. 5b). In-

tense spots from a graphene-like lattice are clearly visible as

well. The multiple spots are likely a superimposition of sev-

eral hexagonal patterns from many individual graphene

sheets [31]. This observation suggests that there are no pre-

ferred overlapping orientations between Ag-coated graphene

flakes. On the basis of the TEM observation and by assuming

that the NPs are spherical, the mean particle diameter for 100

different NPs (dmean) at 1 wt% Ag loading amounts to

3.33 ± 0.13 nm, whereby the surface area and the number

density of Ag were estimated to be 84.2 m2 g�1 and

4.98 · 1016 NPs per gram of graphene, respectively [32]. Fur-

ther, based on the number density of Ag and graphene den-

sity (2000 kg m�3), the number of particles per sheet was

roughly calculated to be in the range of 40–400, provided the



Fig. 4 – (a) Optical and (b) SEM images of the surface of a Ag coated graphene film formed by vacuum filtration of the (1 wt% Ag/

G)/i-PrOH dispersion. EDX mapping data of (c) C and (d) Ag gleaned from the area shown in b.

Fig. 5 – (a) SEM image of a three-dimensional structure formed by freeze-drying a suspension of (1 wt% Ag/G)/i-PrOH. (b) TEM

image of 1 wt% Ag/G. Left inset: SAED pattern from the entire region shown in the inset of Fig. S3a. Right inset: Size

distribution of Ag NPs. (c) HRTEM observation of an individual bilayer sheet decorated by Ag NPs. Top and bottom insets

correspond to the FFT and enlarged HRTEM image of the NP shown in b, respectively.
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ratio of flake length to width is 3 (mean flake length �595 nm

estimated by Raman spectroscopy, Fig. 8) and the number of

graphene layer is less than 10. This is in agreement with

TEM observations (Fig. 5b). The surface average dispersion,

D, was calculated to be 36.6% by the relation based on the

Borodzinski and Bonarowska model: D = 2.64/(dmean/dat)
0.81,

using the atomic diameter, dat, of Ag (2.88 Å) [33]. Fig. 5c is a

HRTEM image of an individual bilayer sheet decorated with

Ag NPs. The lattice spacing of the NP was measured to be

0.236 nm, corresponding to the (111) plane of the crystallite

(bottom inset of Fig. 5c). The slightly distorted hexagonally
shaped NP clearly indicates the preferred growth of the

(111) plane of the cubic symmetry. The fast Fourier transform

(FFT) of the lattice image suggests that the NP has a fcc struc-

ture (top inset of Fig. 5c). Fig. 6a shows a typical AFM image of

Ag/G at 0.1 wt% Ag loading, in which the cross-section view

on the left confirms the formation of monolayer graphene.

Wrinkling of graphene sheets was observed as well, as dis-

played in Fig. 6b. In both images, Ag NPs, appearing as bright

spots, are well distributed on the graphene surfaces. The sizes

of particles are in the range of 1.5–3.5 nm, consistent with the

TEM observations.



Fig. 6 – AFM images of Ag NPs deposited on G (a) without and (b) with wrinkles at 0.1 wt% Ag loading. The bottom patterns

show their corresponding line sections.
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The size of Ag NPs can be readily tailored by varying their

loading level on graphene, ultrasonic intensity, precursor con-

centration, and feeding strategy. The size of the Ag NPs in-

creases with the Ag loading at a given graphene

concentration, and can be tuned in the range from 3.33 to

6.48 nm by increasing the Ag loading from 1 to 20 wt%

(Fig. 7). In addition to some large crystallites, a number of very

small NPs with size 62 nm were also found at a high Ag load-

ing of 20 wt% (Fig. S5b and c). We plotted the Ag particle size

as a function of the cube root of the Ag-to-G mass ratio, taken

as a1/3, as presented in Fig. S7. Note that the particle size is

unlikely in a linear relation with a1/3. This implies that the

number of the NPs changed with the metal loading level, dif-

fering from the observation for Pt/MWCNT [32]. Moreover, the

size of the NPs in the regime a1/3 P 0.031 was found to be sig-

nificantly less than the value derived from the linear curve

plotted from the a1/3 at 1 wt% Ag loading, provided the NPs
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Fig. 7 – Ag particle size as a function of Ag mass loading on

graphene ( ) at a given ultrasonic intensity of

15.79 ± 0.69 W cm�2. The and pentagon symbols stand for

the particle sizes in cases of a half precursor concentration

and addition of NaBH4 once rapidly, respectively. The and

symbols represent the sizes of the particles generated at

ultrasonic intensity of 127.80 ± 1.14 W cm�2 and by a two-

step feeding strategy, respectively. The symbol

corresponds to the size of the particles prepared by applying

magnetic stirring. The line is drawn to guide the eye.
are spherical. Such behavior suggests that the number den-

sity of Ag tends to increase with increasing Ag loading, but

the increase becomes slower at higher loading levels. By alter-

ing the precursor concentration while keeping the Ag loading

fixed, the size of the Ag NPs was finely tuned. As a control

experiment, the size of the Ag NPs was reduced from 6.16 to

4.21 nm at 3 wt% Ag loading by decreasing the concentration

of AgNO3 from 0.097 to 0.048 mg mL�1. This scenario is due to

the fact that lower amounts of Ag+ contributed to the growth

of nuclei at lower quantities of precursor addition. Alterna-

tively, as the output ultrasonic intensity was increased from

15.79 ± 0.69 to 127.80 ± 1.14 W cm�2 while keeping the Ag

loading at 10 wt% and its precursor concentration constant,

the size of the Ag NPs decreased by 3% to 6.13 nm, as shown

in Fig. 7. This decrease may be associated with the enhance-

ment of nucleation rate as a result of more cavitation bubbles

generated by the higher ultrasonic energy. On the other hand,

manipulation of the adding way of NaBH4 enabled tuning of

the particle size as well. For example, keeping both the pre-

cursor concentration and ultrasonic intensity constant, the

particle size increased by 3.3% to 3.44 nm at 1 wt% Ag loading

when NaBH4 was added once rapidly. Finally, the particle size

was tailored by employing a two-step feeding protocol, that is,
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Fig. 8 – Raman spectra for the starting graphite powder and

thin films prepared from dispersions of G/i-PrOH and (1 wt%

Ag/G)/i-PrOH.
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that half of the amount of precursor was first added and re-

duced followed by addition of the second half. In principle,

the initial adding of AgNO3 favored a rapid nucleation process

generating monodispersed NPs according to the LaMer mech-

anism [34], while nucleus growth took place predominately

upon addition of the precursor in the second step. Using such

a strategy resulted in an increase in the particle size by 35% to

4.51 nm at 1 wt% Ag loading, as illustrated in Fig. 7 and S6b.

The application of ultrasonication results in unique

advantages, particularly in the evolution of the small Ag

NPs and their uniform deposition on graphene. Specifically,

the mechanical effects of cavitation that include acoustic

streaming, turbulent flow, microjets and emission of shock

waves greatly promoted the mass transfer of reactants, per-

mitting better wetting of the graphene surfaces with AgNO3

solution. The reduction of Ag+ by NaBH4 was dramatically

accelerated at ambient conditions by shock waves generated

during cavitation with instantaneous temperatures up to

5000 K, pressures in excess of 20 MPa, and rapid heating/cool-

ing rates >109 K s�1 [26]. From a sonocrystallization point of

view, ultrasonic radiation can induce the primary nucleation

at lower supersaturation levels and can also significantly re-

duce the induction time and metastable zone width. We

roughly compared the time scale of crystallization taking

place upon addition of NaBH4 with that of mixing. In light

of a mixing time of 111.5 s for a 0.006 m3 vessel at an ultra-

sonic power density of 7 kW m�3 [35], the mixing time in

our system (with a volume of 0.00002 m3 and an ultrasonic

power density of 55.8 kW m�3) was estimated to be about

0.4 s for each aliquot of NaBH4 solution (assuming a linear

dependence of mixing time with volume). Actually, the mix-

ing time is overestimated because the power density here ex-

ceeds the reported value. Given that the feeding rate of NaBH4

was controlled at 2.5 s per aliquot, the time of crystallization

is P5 times higher than that of mixing, guaranteeing a uni-

form crystallization process. Consequently, a sharp rise in nu-

clei population and rate of nucleation may have occurred,

presumably as a result of the shock waves, resulting in small

particle sizes. Alternatively, NP agglomeration was sup-

pressed due to shortening in crystal contact time as well as

increase in the number of collisions between the support

and the Ag nuclei facilitated by ultrasound. In contrast, a

large number of NP aggregates with nonuniformity in size

were formed when magnetic stirring was applied instead un-

der otherwise identical conditions (Figs. 7 and S6a). The aver-

age particle size and its standard error were 2.2 and 3.5 times,

respectively, as high as those for the Ag NPs that were ob-

tained via ultrasonication.

Raman spectra of the original graphite powder and thin

films that were prepared from dispersions of G/i-PrOH and

(1 wt% Ag/G)/i-PrOH are shown in Fig. 8. The Raman spectrum

of G/i-PrOH displays three prominent peaks: a G band at about

1579 cm�1, a second-order two phonon mode 2D (or G 0) band

at about 2670 cm�1, and a disorder-related D peak at about

1337 cm�1. The G band is typically assigned to the first-order

scattering of the E2g mode of C sp2 atoms, whilst the D band is

associated with the breathing mode of j-point phonons of A1g

symmetry. An additional weak D’ peak (�1616 cm�1) ap-

peared as a high-frequency shoulder to the G band, resulting

from the Stokes scattering by a longitudinal optical phonon.
Note that the 2D line with a single peak is characteristic of

thin flakes that are composed of fewer than 5 graphene layers

that are positioned one on top of the other in a random orien-

tation [11,36]. The peak was significantly broadened com-

pared to that of graphene grown by chemical-vapor

deposition, which may be due to the small size of graphene

produced here. This result was in contrast with the doublet

2D shape of graphite, which consists of two components

2D1 and 2D2 indicative of an unperturbed ABAB stacking se-

quence along the c-direction of the bulk material [36]. The

exfoliation of graphene was also supported by the observa-

tion that a shift (about 68 cm�1) to lower wavenumbers oc-

curred for the 2D band of graphene as compared to graphite

[11]. The intensity of the D band relative to the G band (ID/

IG) was about 0.44, which compared better with graphene

sheets that were produced from reduction of graphene oxide

by hydrazine (ID/IG � 1.44) [37] or by sodium-hydride (ID/

IG � 1.08) [38]. We suppose that the defect population may

be dominated by edge defects from small graphene flakes that

were obtained due to cavitation-induced scission effects. The

in-plane crystallite size of graphene was determined to be

approximately 38 nm using the equation 560(ID/IG)�1/E4,

where E is the laser energy (2.41 eV) [11]. A correlation of

the D/G intensity ratio and flake length by L (nm) � 260/(DID/

IG) allowed for a rough estimation of the mean flake length

to be 595 nm in G/i-PrOH [10], which agrees with TEM and

SEM observations. The distance between defects, LD, and

the defect density in the basal plane, nD, were calculated to

be 17.02 nm and 1.08 · 1011 cm�2, using the approximations

of LD
2 (nm2) = 4300(ID/IG)�1/E4 and nD (cm�2) = 7.3 · 109E4(ID/

IG), respectively [39]. These values essentially reflect the good

quality of graphene. In the case of Ag/G/i-PrOH, the position

of the G band shifts to a higher wavenumber (1583 cm�1). This

upshift may indicate phonon stiffening due to interaction be-

tween Ag and graphene via electron transfer driven by the

work function difference [40], since the location of the G band

is insensitive to the number of layer once the number of lay-

ers is more than 2 [41]. An increase in ID/IG was observed for

Ag/G/i-PrOH (ID/IG � 0.68), which may be due to surface-en-

hanced Raman scattering, mainly attributed to the strong

localized electromagnetic fields of Ag NPs. The intensity ratio

of G to 2D band is 3.68 for Ag/G/i-PrOH, as compared to that of

3.59 for G/i-PrOH. The increase may be explained by the fact

that the enhancement factor for the G band is much larger

than that for the 2D band [40].

Ag-stabilized graphene dispersions can be used in a range

of applications including the formation of conductive films.

The film prepared from (1 wt% Ag/G)/i-PrOH (thickness:

�5 lm) without annealing exhibited conductivity of

10,134 S m�1, which is �2.1 times as high as that of G/i-PrOH.

The increase in conductivity results from the contributions of

the attached Ag NPs in creating conducting pathways. We

would expect a more remarkable increment in conductivity

for films with higher Ag loadings. Alternatively, using Ag as

a sacrificial template permitted the fabrication of bimetallic

NPs (such as Ag-Pt) anchored on graphene through the gal-

vanic metal exchange reaction assisted by ultrasound

(Fig. S8).

As has been reported recently [42,43], pure graphene dis-

persions exhibit remarkable NLO response as a result of



Fig. 9 – Open-aperture Z-scans of (1 wt% Ag/G)/i-PrOH at

532 nm with different incident laser energy densities. The

solid lines are fitting results based on the propagation

model shown in Eq. (1).

Table 1 – Fitting parameters of the data shown in Fig. 9.

Energy density
(J/cm2)

b
(cm/GW)

Is
(GW/cm2

)

0.35 0 0.9
0.71 0 0.3
2.83 0 0.41
4.24 16 0.3
9.19 13 0.28

Fig. 10 – Open-aperture Z-scans of the Ag/G/i-PrOH with

varying Ag loading levels at 532 nm with incident laser

energy density of 9.19 J cm�2. The solid lines are the fitting

results using the propagation equation, Eq. (1).
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saturable absorption (SA) at low incident intensities and ther-

mally induced nonlinear scattering (NLS) at high input ener-

gies. Ag NPs also have a strong NLO effect, which is

attributed to two-photon absorption (TPA) as well as to free-

carrier absorption (FCA). From these scenarios, we believe

that a combination of the four different mechanisms for the

NLO responses, i.e., NLS, TPA, FCA and SA enables the crea-

tion of a novel optical material with unique NLO features,

which is indeed the case. Fig. 9 depicts the typical open aper-

ture Z-scan curves of the (1 wt% Ag/G)/i-PrOH with nanosec-

ond (ns) laser pulses at 532 nm performed at different

incident laser energy densities. At low excitation energy den-

sity of 0.354 J cm�2, the normalized transmittance was ob-

served to decrease first and then increase as the sample

was moved into the beam focus (z = 0), indicating a change

from TPA/FCA to SA. The SA became much more pronounced

when the incident energy density was increased to

2.83 J cm�2. With further increasing the incident energy den-

sity, the value of the peak transmittance around the beam fo-

cus started to decrease. The maximum transmittance became

less than 1, when the excitation energy density was enhanced

to 4.24 J cm�2. This means that the NLS effect exceeded the

effect of SA under the high energy excitation. Further, the

lowest normalized transmittance reached �0.2 at higher exci-

tation energy density of 9.19 J cm�2.

It is clearly seen that the NLO response of Ag/G/i-PrOH for

ns pulses at 532 nm results from a combination of TPA/FCA

and SA at low excitation energy densities, and SA plays the

major role, while TPA, SA and NLS have common influences

on the NLO response at high excitation energy densities in

which NLS dominates. On the basis of the NLO theory, the

propagation equation in the dispersions can be expressed as:
dI

dz0
¼ �aðIÞI ð1Þ

where I denotes the excitation intensity and z 0 corresponds to

the propagation distance in the sample. The total absorption

a(I) can be expressed as:

aðIÞ ¼ a0

1þ I=Is
þ bI ð2Þ

where Is is the saturation intensity and b is the nonlinear

extinction coefficient. The term, a0
1þI=Is

, in Eq. (2) stands for

SA, whilst the term, bI, represents a combined effect of NLS,

TPA and FCA. Fitting the data using this model, as illustrated

in Fig. 9, agrees well with experimental results. The corre-

sponding fitting parameters are summarized in Table 1. Note

that the composites show a significantly larger nonlinear

extinction coefficient and lower saturation intensity in com-

parison with other nanomaterials, such as single-walled car-

bon nanotubes, graphene and their derivatives [42,12]. The

versatile NLO properties suggest that the Ag/G composites

have a large potential in nanophotonic applications, such as

optical limiting, optical switching and saturable absorbers.



Table 2 – Fitting parameters of the data shown in Fig. 10.

Sample b
(cm/GW)

Is
(GW/cm2)

(1 wt% Ag/G)/i-PrOH 13 0.28
(3 wt% Ag/G)/i-PrOH 22 0.30
(20 wt% Ag/G)/i-PrOH 18 0.35
(30 wt% Ag/G)/i-PrOH 14 0.37
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The Ag/G composites at varying Ag loadings display a sim-

ilar NLO behavior with the increase in the incident energy

density, as shown in Fig. 9. As an example, Fig. 10 displays

the open aperture Z-scan results of the Ag/G/i-PrOH samples

with different Ag loadings at an excitation energy density of

9.19 J cm�2. For all composites, a slight SA followed by a sig-

nificant NLS-induced optical limiting was observed, and the

lowest normalized transmittance remained almost constant

at �0.2. This further confirmed that the optical limiting

mainly originates from graphene. As shown in Fig. 10, the re-

sults derived from the propagation model based on Eqs. (1)

and (2) fit the experimental data well. The corresponding fit-

ting parameters are summarized in Table 2.

4. Conclusions

Highly stable graphene dispersions in low boiling point sol-

vents were achieved by the uniform deposition of Ag NPs on

the surface of graphene. Controlling the synthesis parameters

such as ultrasonic intensity, feeding strategy, loading content

and precursor concentration enabled the fine tuning of the

particle size and, in this way, of the stabilizing effects of the

NPs on the dispersions. The low boiling temperature and fac-

ile removal nature of the solvent improved the formation of

conductive films and of three-dimensional structures with

high microporosities through freeze-drying. The as-obtained

Ag/G/i-PrOH dispersions showed versatile nonlinear optical

properties at different excitation energy densities, which are

required for nanophotonic applications such as absorber for

ultrafast lasers and eye protection.
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