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S1. Experimental details

S1.1 Raw materials

Natural graphite powder was purchased from Sinopharm Chemical Reagent Co., Ltd. Molybdenum
disulfide (MoS,) and hexagonal boron nitride (4-BN) powders were purchased from Sigma-Aldrich Co.,
LLC. Sodium dodecylbenzenesulfonate (SDBS) was purchased from Tianjin Jinke Fine Chemical Research
Institute. Chloroauric acid (HAuCl,s) was purchased from Aladdin Industrial Inc. Sodium citrate dihydrate
(SC) was purchased from Guangdong Chemical Reagent Engineering-Technological Research and
Development Center. Ferric chloride anhydrous (FeCls) and ferrous chloride tetrahydrate (FeCl,-4H,0)
were purchased from Xilong Chemical Co., Ltd. Copper sulfate pentahydrate (CuSO4-5H,0O) and
rhodamine 6G (Rh6G) were purchased from Sigma-Aldrich Co., LLC. Hydrochloric acid (HCI), sulfuric
acid (H,SOy4), 30% hydrogen peroxide (H,O,) and sodium hydroxide (NaOH) were purchased from

Beijing Chemical Works.

S1.2 Exfoliation of 2D materials

The procedures for exfoliating natural graphite, MoS, and 4#-BN powders into 2D materials were adapted
from the previous reports [1,2]. Briefly, the powders were added to 1 wt % SDBS aqueous solutions at an
initial concentration of 5 mg mL ™', and subjected to sonication at 300 W for 4 h. The obtained slurries were
centrifuged at 4400 rpm for 45 min, and the top 1/2 supernatants were collected, yielding aqueous solutions
of single- and few-layer 2D materials. SDBS served as a surfactant to stabilize the 2D materials in water,

and endowed them with carboxylate groups for Cu(II) ion coordination.

S1.3 Synthesis of Au NPs

The synthesis of Au NPs followed a mature route [3]. Briefly, 0.01 wt % HAuCl4 aqueous solution 50 mL
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was heated to boiling, to which 1 wt % SC aqueous solution 0.5 mL was added. In ~2 min, the mixed
solution turned to light blue and then to brilliant red, indicating the formation of Au NPs. The boiling state
was kept for 20 min to complete the reduction process. The obtained Au NPs were monodisperse, and had a
regular spherical morphology. SC served as a reducer and a surfactant to stabilize the Au NPs in water, and

endowed them with carboxylate groups for Cu(Il) ion coordination.

S1.4 Synthesis of Fe;0, NPs

The synthesis of Fe;O4 NPs was reported elsewhere [4]. Briefly, 12.1 N HCIl 0.85 mL and purified
deoxygenated water 25 mL were mixed, in which FeCl; 5.2 g and FeCl,-4H,0O 3.14 g were successively
dissolved under stirring. The resulting solution was dropped in 1.5 M NaOH 250 mL under vigorous stirring,
generating an instant black precipitate. The precipitate was attracted by a strong magnet, collected, and
dispersed in purified deoxygenated water 250 mL under stirring. The above procedures were repeated 3-5
times until the pH was ~8. The obtained Fe;O4 NPs were finally dissolved in 1 wt % SDBS aqueous
solution under stirring. SDBS served as a surfactant to stabilize the Fe;04 NPs in water, and endowed them
with carboxylate groups for Cu(Il) ion coordination. Note that to prepare monodisperse Fe;O4 NPs, it was
important to carry out the above reaction in an aqueous solution with an Fe(II)/Fe(III) mol ratio of 0.5 and a

pHof 11-12.

S1.5 Hierarchical assembly of functional 0/2D nanohybrids

In a typical run, the aqueous solutions of NPs and 2D materials were mixed at different ratios, to which a
small volume of CuSO4 aqueous solution was added. It should be stressed that too many Cu(Il) ions would
cause serious aggregation or even precipitation. The mixed solution was kept for 48 h to allow complete
assembly. Note that during the assembly process the mixed solution was subjected to gentle sonication (50

W) to prevent precipitation. Thereafter, the mixed solution was centrifuged at 8000 rpm for 30 min. The
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precipitate was collected, and re-dispersed in water under sonication at a concentration of 0.1 mg mL™".

S1.6 Preparation of SERS samples

For SERS testing, bare SiO,/Si wafers (~10 x 10 mm?) were firstly soaked in Piranha solution (a mixture
of H,SO4 and 30% H,O, at a vol ratio of 7 : 3) at 60 °C for 30 min. The aqueous solutions of Au NPs and
0/2D nanohybrids 50 uL were dropped on SiO,/Si wafers and blow-dried by nitrogen, respectively. Then 2
uM Rh6G aqueous solution 50 pl. was dropped on bare, Au-coated and 0/2D nanohybrid-coated SiO,/Si

wafers and blow-dried by nitrogen, respectively.

S1.7 Equipment

TEM was performed by a Hitachi H7700 operated at an accelerating voltage of 100 kV. HRTEM was
performed by a JEOL JEM-2010 operated at an accelerating voltage of 120 kV. AFM was performed by a
Shimadzu SPM-9500 in the tapping mode. Raman spectra were recorded by a Horiba LabRam H-800
spectrometer with 633 nm laser excitation. UV-vis spectra were recorded by a Pgeneral TU-1810 twin-beam

spectrophotometer from 200 to 900 nm.
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S2. TEM and AFM images of Au NPs

0.00

Fig.S2. AFM image of as-synthesized Au NPs and the height profile corresponding to the blue line.
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S3. TEM images of 2D materials

Fig.SS5. TEM image of a MoS, nanosheet and the corresponding ED pattern.



Electronic Supplementary Material (ESI) for Chemical Communications
This journal is © The Royal Society of Chemistry 2013

S4. Raman spectra of 2D materials

2D

Intensity (a.u.)

1000 1500 2000 2500 3000
Raman Shift (cm™")

Fig.S6. Raman spectrum of pristine graphene nanosheets, showing a D peak at ~1350 cm™, a G peak at
~1580 cm™ and a 2D peak at ~2700 cm™. The D peak is defect-related, and arises from the activation in the
first order scattering of the sp>-bonded carbon atoms in the graphitic sheets. The G peak corresponds to the
E,, mode, and is related to the vibration of the sp’-bonded carbon atoms in the graphitic sheets. The 2D peak

is the second order of the D peak [5].

Intensity (a.u.)

1000 1100 1200 1300 1400 1500 1600
Raman Shift (cm™")

Fig.S7. Raman spectrum of 2-BN nanosheets, showing a characteristic peak at ~1365 cm™" attributed to the

B—N high-frequency vibrational mode (E,) within the BN layers [6].
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Fig.S8. Raman spectrum of MoS, nanosheets, showing characteristic peaks at ~381 and 407 cm'

corresponding to the in-plane E,, and out-of plane A, vibrations, respectively [7].
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S5. TEM and AFM images of Cu(Il)-coordinated G/Au nanohybrid
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Fig.S9. (a), (b) Low and (c) high-magnification TEM images of a Cu(Il)-coordinated G/Au nanohybrid
(G/Au wt ratio = 20); (d) statistics on the Au NP size distribution based on TEM images, indicating that the

Au NPs are monodisperse with more than 80% having particle sizes within 11-15 nm.

It should be stressed that our strategy yields a narrower size distribution than the solution-phase in situ
growth of NPs. For example, Guardia et al. reported the synthesis of Au NPs decorated on »-GO by the
simultaneous reduction of a mixed solution of HAuCl, and GO by UV irradiation without or with citric acid
[8]. Statistics showed that there were ~60% Au NPs within 13-17 nm (average = 14.6 nm) in the absence of
citric acid, and ~40% Au NPs within 18-22 nm (average = 19.7 nm) in the presence of citric acid. Besides,
since Au’” ions were selectively adsorbed to the defects (oxygen-containing groups) of GO through
electrostatic attraction, Au NPs thus grown were only sparsely and ununiformly attached to the GO surface.
Another case was Ag NPs decorated on #-BN [9]. It was reported that Ag NPs could be grown on the #-BN
surface in situ in aqueous solution. However, due to the higher chemical inertness of #-BN than GO, Ag NPs

thus grown were highly irregular in both shape and size, ranging from 20 nm to 80 nm.
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S6. HRTEM images of Cu(Il)-coordinated 0/2D nanohybrids

Fig.S10. HRTEM image of a Cu(Il)-coordinated G/Au nanohybrid and the corresponding ED pattern.
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Fig.S12. HRTEM image of a Cu(Il)-coordinated MoS,/Au nanohybrid and the corresponding ED pattern.
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S7. Atomically resolved HRTEM image of Cu(Il)-coordinated MoS ,/Au nanohybrid

Fig.S13. Atomically resolved HRTEM image of a Cu(Il)-coordinated MoS,/Au nanohybrid, indicating this

coordination strategy is noninvasive since the hexagonal symmetry of MoS, is largely preserved.
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S88. HRTEM images of Cu(Il)-coordinated 0/2D nanohybrids
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Fig.S14. Raman spectrum of a Cu(Il)-coordinated G/Au nanohybrid.
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Fig. S15. Raman spectrum of a Cu(II)-coordinated #-BN/Au nanohybrid.
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Fig. S16. Raman spectrum of a Cu(II)-coordinated MoS,/Au nanohybrid.

After being coordinated with Au NPs, these 2D materials do not have any significant changes in their
Raman spectra in terms of peak shape and position. The similar Raman patterns before and after
coordination indicate that the overall lattice structure of these 2D materials is preserved, and there are few, if
any, defects induced by coordination. The Raman results are consistent with the above atomically resolved
HRTEM observation (Fig. S13), and are also consistent with the previous reports on the GO coordination by

ourselves and others [10-12].
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89. UV-vis spectra of Cu(Il)-coordinated h-BN/Au nanohybrid
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Fig. S17. UV-vis spectra of the aqueous solutions of Au NPs (yellow), #2-BN (purple) and #-BN/Au NPs
before (blue) and after (red) Cu(Il) ion coordination. It is found for Au NPs that a rather broad absorption
band shifting to higher wavelength is verified after 48 h, corresponding to the NP aggregation due to

coordination [13,14]. This is also the case for the graphene and MoS,/Au NPs systems.
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S810. SERS spectra of Cu(Il)-coordinated G/Au nanohybrids with different loading

densities
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Fig.S18. SERS spectra of Cu(I)-coordinated G/Au nanohybrids at wt ratios of 100 and 20, respectively.

We try to discuss the SERS eftfects of the Cu(Il)-coordinated 0/2D nanohybrids here. Although SERS has
been discovered for more than three decades [15], its mechanisms remain an active research topic. Generally,
two major factors are agreed on the relative significance of the proposed mechanisms, i.e., chemical
enhancement and electromagnetic enhancement. In the chemical enhancement mechanism, a charge-transfer
state is created between the metal NPs and the adsorbate molecules. In a manner analogous to that observed
in resonance Raman spectroscopy, the existence of this charge-transfer state increases the probability of a
Raman transition by providing a pathway for resonant excitation. This mechanism is site-specific and
analyte-dependent. In the electromagnetic enhancement mechanism, one must consider the size, shape and
material of the nanoscale roughness features. Although the two mechanisms are often thought to be
independent, it has recently been suggested that they are intimately linked [16], but one or the other may

dominate at a given excitation wavelength.
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When Au NPs are dropped on a SiO,/Si wafer directly from the colloid, they are uniformly and sparsely
distributed on the wafer, as shown in Fig. S2. These isolated Au NPs result in fewer "hot spots" and thus a
weaker SERS signal. After the hierarchical assembly, however, Au NPs are densely packed on the surface of
the 2D materials, which translates into a high loading density. The high loading density of Au NPs is
advantageous for the enrichment of the Rh6G molecules in the process of SERS detection, and more "hot
spots" are formed in the nanoscale junctions and interstices. Therefore, the dipoles induced by the plasmon
resonance will couple and transmit on the whole substrates. Besides, the electrostatic attraction between the
positively charged Rh6G molecules and the negatively charged 2D materials (due to the presence of SDBS)
can further increase the concentration of Rh6G in the vicinity of Au NPs. The large specific surface areas of
the underlying 2D materials facilitate better enrichment of the Rh6G molecules, thus significantly enhancing
the SERS signal of Rh6G as compared with that of Au NPs in the colloid.

Moreover, it is reported that the work functions of Au, graphene, MoS, and #-BN are 5.1 eV, 4.42 eV,
4.6—4.9 eV and 4.26 eV, respectively [17-20]. Since the work functions of these 2D materials are very close
to that of Au, we can expect easy charge transfer from them to Au, as was suggested between carbon
nanotubes and Au [21]. It is not very clear why graphene has a better SERS effect than MoS, and 4#-BN at
the present stage. We infer that it may be attributed to the better charge-transfer effect between graphene and
Au. Also we note that the average size of the graphene nanosheets obtained in our experiment is much larger
than that of MoS; or #-BN, thus resulting in a higher loading density of Au NPs.

We further compare the SERS spectra of the Cu(Il)-coordinated G/Au nanohybrids at G/Au wt ratios of
100 and 20, as shown in Fig. S18. It is worth noting that the two SERS spectra do not have any significant
changes in terms of profile. However, the Raman intensity increases sharply with the increase of the Au
fraction. This phenomenon can be attributed to the increasing loading density of Au NPs on the surface of
graphene as the "hot spots" for strong localized electromagnetic fields produced by the gaps between

neighboring Au NPs. Further work is being done in our laboratory to elucidate this phenomenon.
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S11. TEM images of Fe(lIl)- and Ag(I)-coordinated h-BN/Au nanohybrids

Fig. S19. TEM images of (a) Fe(Ill)- and (b) Ag(I)-coordinated G/Au nanohybrids.

Other than divalent metal ions such as Cu(Il), trivalent and monovalent metal ions have also been used to
form 0/2D nanohybrids through coordination. For example, Fe (III) and Ag(I) have been tested because both
have coordination abilities to carbonyls [22,23]. It is worth noting, however, that the coordination stability
constant of Fe (III) is much higher than that of Ag(I), and the latter even fails to coordinate to the oxygen
moieties on GO [24]. Fig. S19 shows the 0/2D nanohybrids of pristine graphene and Au NPs through
coordination with Fe(IIl) and Ag(I), respectively. It is found, interestingly, that in both cases coordinated
G/Au nanohybrids are successfully formed. It is understandable since even Ag(I) can effectively coordinate
to SDBS and SC [25-27]. The difference in the coordination stability constants of Fe (III) and Ag(I),
however, contributes to their different coordination performances. In Fig. S19a, Au NPs are easily and
densely attached to the graphene surface, emphasizing the stronger coordination ability of Fe (III) to
carbonyls. In Fig. S19b, Au NPs are only sparsely and ununiformly distributed on the graphene surface,
probably due to the weaker coordination ability of Ag(I) to carbonyls, which translates to a lower reaction

rate.
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S12. TEM and digital images of Cu(ll)-coordinated G/Fe;0, nanohybrid

Fig. S20. TEM image of a Cu(Il)-coordinated G/Fe;O4 nanohybrid (G/Fe;04 wt ratio = 5); (b) and (c)

digital images of its aqueous solution before and after magnetic attraction.

To test the versatility of this coordination strategy on other NPs, we have assembled magnetic Fe;O4 NPs
on pristine graphene, as shown in Fig. S20. The obtained Cu(Il)-coordinated G/Fe;O,4 nanohybrid can be
dispersed in water, forming a dark-colored magnetic fluid that is easily recyclable by a magnet. The
G/Fe;04 nanohybrid has substantial potentials in catalysis, dye adsorption, magnetic resonance imaging and

drug delivery [28-30].
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