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Over the past few decades the direct assembly of optical nanomaterials into ordered mesoporous frameworks has proved
to be a considerable challenge. Here we propose the incorporation of ultrasmall (sub-5 nm) graphitic pencil nanodots into
ordered mesoporous frameworks for the fabrication of optoelectronic materials. The nanodots, which were prepared from
typical commercial graphite pencils by an electrochemical tailoring process, combine properties such as uniform size
(∼3 nm), excellent dispersibility and high photoconversion efficiency (∼27%). These were incorporated into a variety of
ordered mesoporous frameworks (TiO2, silica, carbon and silica–carbon materials) by co-assembly, driven by hydrogen
bonding, with the frameworks’ precursors. The resulting materials showed a high degree of ordering, and a sharp increase
in their optical performance (for example, photocurrent density). We envisage that the large-scale synthesis of ultrasmall
carbon nanodots and their incorporation into ordered mesoporous frameworks may facilitate the preparation of materials
with a variety of optical properties.

1In recent decades mesoporous materials have garnered significant
2 attention1–3 because of their broad applications in batteries4,5,
3 optoelectronics6, nanofluidic device7,8, sensors9,10, photovol-
4 taics9,11, ion exchange12,13, drug delivery14,15 and catalysis16–18.
5 Among these, the optoelectronic mesoporous materials take advan-
6 tage of both the optical properties of the guest species and the high
7 surface area of the host mesoporous materials, which leads to
8 tunable optoelectronic platforms19. An appropriate introduction of
9 guest species that feature optical properties would maintain the orig-
10 inal ordered host mesostructures and so present a promising way to
11 create well-defined functional mesoporous materials20,21. At present,
12 a number of ionic, organic and metal-complex-bridged photoactive
13 molecules12 have been integrated into ordered mesoporous frame-
14 works to pursue these aims. For example, Inagaki et al. developed
15 a mesoporous framework doped with coumarin 1 dye for an effi-
16 cient energy transfer by a dip-coating strategy22. Mou and co-
17 workers introduced dual fluorescent dyes into mesoporous silica
18 for pH sensors by a co-condensation method23. In addition, Lu
19 and co-workers successfully synthesized various molecule-functio-
20 nalized mesoporous silica by a vesicle and liquid crystal ‘dual tem-
21 plating’ technique21. The incorporation of molecule-modified
22 nanocrystalline silicon in mesoporous organosilica was realized
23 recently through a template-directed self-assembly24. However, the
24 direct in situ co-assembly of optical materials, rather than of mol-
25 ecules, into ordered mesoporous frameworks has seldom been
26 reported, mainly for two reasons. First, the self-assembly of meso-
27 structures is driven by weak non-covalent bonds (such as hydrogen
28 bonds, van der Waals forces and electrovalent bonds) and is suscep-
29 tible to potential changes of the assembly conditions25, which

30largely limits the possibility of the in situ synthesis of optical
31guest materials during the mesostructure formation. Second, the
32size effect of incorporating exogenous materials (typically >10 nm)
33on the co-assembly of inorganic precursors influences the hydrolysis
34and condensation of the precursors26,27. Coupled with the weak
35driving force for a mesostructure assembly, this eventually leads to
36a low degree of ordering28. To achieve ordered optoelectronic
37mesostructures, it is necessary to introduce rationally designed
38guest materials with small sizes that are readily dispersed in
39common solvents without further surface hydrophilic/hydrophobic
40modification, and that have a facile interaction with surfactant
41molecules (for example, amphiphilic block copolymers) via
42non-covalent-bonding properties.
43Here we report a co-assembly strategy to obtain ordered meso-
44porous optoelectronic materials by the direct incorporation of ultra-
45small (sub-5 nm) graphitic pencil nanodots (PNDs) (Fig. 1). The
46ultrasmall PND (sub-5 nm), a carbon nanodot generated from the
47graphite core of a conventional pencil, is composed of only
48hundreds to thousands of carbon atoms and shows distinctive
49photophysical and chemical properties, such as resistance to photo-
50bleaching, low-toxicity, excellent dispersibility and good stability29.
51The ultrasmall PNDs are synthesized by an electrochemical
52method and subsequent in situ doping of various non-metal
53atoms. They possess several features that differ from those of
54conventional carbon nanodots, including naturally high porosities,
55facile and scalable preparation, abundant hydrogen-bonding sites
56and facile doping capability (Fig. 1a). Here we prepared a variety
57of ordered mesoporous frameworks (including mesoporous silica,
58carbon and TiO2) in which ultrasmall graphitic nitrogen-doped
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1 pencil nanodots (N-PNDs)—as an example of guest nanodots—
2 were incorporated directly during the co-assembly steps. The result-
3 ing materials were characterized by extended X-ray absorption fine
4 structure, high-resolution transmission electron microscopy
5 (HRTEM) and optical spectra. The nanodot-inserted materials
6 possess a high degree of ordering, which arises from the molecular-
7 scale assembly, and we envisage that they will show interesting
8 photoelectrochemical properties (Fig. 1b)30. This facile and robust
9 approach reduces the effects of the typical hydrolysis and conden-
10 sation steps on the inorganic species required during the synthesis,
11 and instead co-assembles a variety of species of very diverse sizes:
12 framework precursors, nanodot guests and surfactants that form
13 the framework templates. Compared with its pristine counterpart,
14 the nanodot-doped mesoporous TiO2 framework showed a sharp
15 increase in its photocurrent density, by approximately 183%. We
16 envision that, by using the proposed incorporation method,
17 various ordered mesoporous materials that encapsulate ultrasmall
18 graphitic PNDs may serve for applications such as photodetectors,
19 photovoltaic solar cells, photodiodes and photoelectrochemical sensors.

20 Results
21 Fabrication of ultrasmall graphitic PNDs. Pencil beads were
22 prepared from a commercial pencil via a mechanical exfoliation
23 (see Supplementary Fig. 1a). The N-doped pencil beads (N-PBs)
24 were obtained by the pre-absorption of a nitrogen-rich compound,
25 melamine (C3H6N6), on the pencil beads, followed by thermal
26 annealing. Scanning electron microscopy (SEM) images
27 (Supplementary Fig. 2a–c) reveal naturally stacked holes in the
28 raw pencil beads, which are attributed to the stacking of the
29 nanoscale graphite sheets. The high porosity of the N-PBs

30obtained, which arises from this natural stacking, can be observed
31from SEM images (Supplementary Fig. 2d–f ), transmission
32electron microscopy (TEM) images (Supplementary Fig. 2g–i) and
33nitrogen sorption isotherms (Supplementary Fig. 2j,k). After
34thermal annealing (Supplementary Fig. 1b), the relatively stable
35carbon and nitrogen components were retained, as confirmed by
36X-ray photoelectron spectra (XPS) spectra (Supplementary Fig. 3).
37Subsequently, N-doped graphitic PNDs were produced using an
38electrochemical tailoring method in which the N-PBs serve as both
39the anode and cathode of an electrochemical device, with NaOH/
40ethanol as the electrolyte (Supplementary Fig. 4). TEM images
41(Fig. 2a) show that the exfoliated N-PNDs obtained from the elec-
42trochemical tailoring method were uniform (∼3 nm) and mono-
43dispersed. HRTEM images (Fig. 2b) of a typical N-PND clearly
44reveal a thickness of a few graphene layers (about ten layers) and
45a lattice spacing of around 0.32 nm, which agrees well with the
46(002) spacing of graphitic carbon31. Ultraviolet–visible spectra
47show an enhanced absorption band centred at ∼360 nm with N
48doping (Supplementary Fig. 5a). With an increase in the concen-
49tration of the nitrogen doping, the PNDs also show an increase in
50the absorption coefficient, accompanied by changes in the highest
51occupied molecular orbital (HOMO) and lowest unoccupied
52molecular orbital (LUMO) states (Supplementary Figs 5b,c and 6).
53Photoluminescence spectra (Fig. 2c) of the N-PNDs displayed
54under different excitation wavelengths, from 365 to 605 nm, show
55tunable optical properties. Different emission colours were found
56in the same sample of N-PND powder under ultraviolet and
57visible light of wavelengths 365, 405 and 525 nm (Fig. 2d,e). The flu-
58orescence quantum yields of the N-PNDs and undoped PNDs were
59∼27 and 8%, respectively. The N-PNDs showed photostability for
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Figure 1 | Proposed synthesis process and model of the co-assembly. a, Graphitic N-PNDs from in situ annealing and electro-exfoliation of pencil beads.
N-doped porous pencil beads were first obtained by adsorption of melamine molecules and in situ annealing, and the graphitic N-PNDs were then prepared
by a process of electro-exfoliation. b, The N-PND mesostructures were first obtained via co-assembly of ultrasmall nanodots, precursors of mesoporous
materials and surfactants that serve as the template. After template removal, a family of N-PND mesoporous frameworks (which can be TiO2, C, C–Si and
SiO2 frameworks) is obtained.
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1 over 12 months (Supplementary Fig. 7). The relationship between
2 the HOMO‒LUMO energy gap and quantum-size effect indicates
3 that the photoluminescence generated from the graphitic PNDs
4 can be ascribed to the different sizes (∼0.5 to 5.3 nm) of the graph-
5 ite-fragment structures (Supplementary Fig. 8).
6 To probe possible future applications in the biomedical domain,
7 we investigated the cell permeability of the nanodots. HeLa cells and
8 tissues of mice (with a thickness of 150 μm) were treated with
9 N-PNDs for 24 hours. Single-photon confocal microscopy images
10 with distinct wavelength channels (Fig. 2f,g) of the resulting
11 materials show clear fluorescence signals, which indicates a very
12 good cell permeability and light penetration. The photostability
13 data (Supplementary Fig. 9) of the as-synthesized N-PNDs indicate
14 a promising photostability under two-photon light illumination
15 (from 810 to 910 nm, ∼0.50 mW cm−2 power density). The XPS
16 spectra (Supplementary Fig. 10a,c–e) show that the O/C atomic
17 ratio for the N-PNDs was ∼13%, slightly lower than that of the
18 undoped PNDs (∼17%). Furthermore, the XPS spectra
19 (Supplementary Fig. 10b) of a series of N-PNDs obtained under

20the same synthesis conditions indicate an excellent consistency
21and controllability of the C/O ratio in the samples. The bands in
22the infrared spectrum (Supplementary Fig. 10g) located at 3,485,
231,715 and 1,603 cm−1 are ascribed to the stretching vibrations of
24the O–H, C=O and C–O groups, respectively31. Moreover, a
25control experiment using a hydrogen-plasma treatment to remove
26the surface oxygen groups suggeste that the strong emission
27mainly comes from the quantum-sized graphite fragment of
28PNDs (Supplementary Fig. 10f–h). All these data further confirm
29the presence of –COOH and/or –OH groups at the surface of the
30nanodots, which are beneficial for further co-assembly driven by
31hydrogen bonds25,28.

32Co-assembly using ultrasmall graphitic PNDs. Mesoporous
33N-PND-inserted TiO2 frameworks (incorporation ratio (C/Ti
34atom ratio), ∼3.5%) were synthesized by using the diblock
35copolymer poly(ethylene oxide)-b-polystyrene (PEO-b-PS) as the
36template for the framework pores (Fig. 3a, top). During the
37process of co-assembly, a Ti compound (Ti(AcAc)), ultrasmall
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Figure 2 | Structural analysis and optical properties. a, TEM image of PNDs. b, HRTEM of a typical N-PND that shows a lattice spacing of 0.32 nm.
c, Photoluminescence spectra of N-PNDs under different excitation wavelengths from 365 to 605 nm. d, Photograph of the N-PNDs prepared on a large
scale (gram grade). e, Typical optical images of a sample of N-PNDs illuminated under ultraviolet and visible light with 365 nm (left), 405 nm (middle) and
525 nm (right). f,g, Single-photon confocal microscopy images with different signal channels in HeLa cells (f) and mouse LLC-MK2 tissues (g) treated with
N-PNDs for 24 hours. Different imaging channels are displayed horizontally for each sample (from left to right): green channel (475−525 nm), red channel
(575−625 nm), bright field and overlay images. Scale bars, 50 µm. a.u., arbitrary units.
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1 N-PND and PEO125-b-PS120 served as the precursor, exogenous
2 functional site and template, respectively. The surfaces of N-PND,
3 which feature –COOH and/or –OH groups, are suited to co-
4 assembly driven by hydrogen bonds and further enable the
5 formation of ordered mesostructures from the N-PNDs and
6 structure-directing agents of the TiO2 framework (Supplementary
7 Methods). The TEM (Fig. 3b, top) and HRTEM (Fig. 3c, top)
8 images of the material that result from the co-assembly of the
9 N-PNDs and framework precursors show a well-ordered
10 mesostructure, inserted with ultrasmall (∼3 nm) N-PNDs. The
11 HRTEM image (Fig. 3d, top) of a typical N-PND in mesopore
12 walls presents single-crystalline and well-resolved lattice fringes
13 (with a d spacing of 0.32 nm), which correspond to the (002)
14 plane of graphitic carbon and suggests the successful
15 incorporation into the mesostructure31. The small-angle X-ray
16 scattering (SAXS) pattern (Supplementary Fig. 11a) reveals poorly
17 resolved scattering peaks associated with three-dimensional (3D)
18 body-centred symmetry (space group Im3m)32. Nitrogen sorption
19 isotherms (Supplementary Fig. 12a) exhibit a type-IV curve with a
20 H2-type hysteresis loop and distinct condensation steps17. The
21 surface area of the obtained N-PND-inserted mesoporous TiO2

22 was ∼97 m2 g−1, and the mean pore-size distribution was centred
23 at ∼13.5 nm.
24 Other mesoporous frameworks (silica, carbon and carbon–silica
25 composites) were also obtained through the same co-assembly

26strategy. The SAXS pattern of the N-PND-inserted mesoporous
27silica (Supplementary Fig. 11b) obtained by using the triblock copo-
28lymer Pluronic P123 as the template reveals three diffraction peaks
29(the 100, 110 and 200 reflections) of 2D hexagonal mesostructure
30(space group p6mm)33. The SAXS pattern of the N-PND-inserted
31mesoporous carbon (Supplementary Fig. 11c) prepared using the
32triblock copolymer F127 as the template shows three scattering
33peaks (the 10, 11 and 20 reflections) of an ordered 2D hexagonal
34mesostructure (space group p6mm)34. The SAXS pattern of
35the N-PND-inserted mesoporous carbon–silica composites
36(Supplementary Fig. 11d) prepared using F127 as the template
37reveals three scattering peaks, well indexed to the 10, 11 and 20 reflec-
38tions of an ordered 2D hexagonal mesostructure (space group p6mm).
39Nitrogen sorption isotherms (Supplementary Fig. 12c,e,g) of the
40N-PND-inserted mesoporous materials (silica, carbon and carbon–
41silica) exhibit type-IV curves with H2-type hysteresis loops and distinct
42condensation steps. The surface areas were calculated to be ∼651, 396
43and 486 m2 g−1 for the N-PND-inserted mesoporous silica, carbon
44and carbon–silica composite, respectively. The pore-size-distribution
45curves (Supplementary Fig. 12d,f,h) show that the N-PND-inserted
46mesoporous materials had uniform pore diameters of about 8.2, 5.5
47and 5.6 nm, respectively (Supplementary Table 1). No obvious pore
48blockage was found from the nitrogen sorption isotherms and
49pore-size-distribution curves, measured with and without N-PND
50insertion (Supplementary Fig. 13 and Supplementary Table 2).
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Figure 3 | The versatile self-inserted co-assembly of the ordered mesoporous structures with ultrasmall nanodots. a–d, SEM images (a), TEM images (b)
and HRTEM images (c,d) of the ultrasmall graphitic PND-inserted mesostructures. The PND-inserted mesoporous TiO2 obtained by using diblock copolymer
PEO-b-PS as the template (a–d, first row), PND-inserted mesoporous silica using triblock copolymer Pluronic P123 as the template (a–d, second row)
PND-inserted mesoporous carbon obtained using triblock copolymer F127 as the template (a–d, third row) and PND-inserted mesoporous carbon–silica
composites prepared by using triblock copolymer F127 as the template (a–d, fourth row) via the self-inserted co-assembly method by using ultrasmall
graphitic PNDs.
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1 Photoelectrochemical properties of PND mesoporous materials.
2 The N-PND-inserted mesoporous TiO2 (N-PND–TiO2) was then
3 used as a photoanode for optoelectronic studies that employed a
4 transparent three-electrode electrochemical cell, which consisted
5 of a modified N-PND–TiO2 working electrode, a counter
6 electrode of platinum wire and a KCl-saturated Ag/AgCl electrode
7 under simulated sunlight. Optical photographs (Fig. 4A,B) show
8 that the N-PND–TiO2 has a blue–green colour emission under
9 ultraviolet light excitation, whereas in a control experiment with
10 the pristine mesoporous TiO2 no emission was found (Fig. 4C,D).
11 Under a simulated solar-light illumination of air mass 1.5 global

12(AM 1.5G), the photocurrent densities of the pristine mesoporous
13TiO2 and undoped PND–TiO2 were measured to be ∼0.61 and
140.83 mA cm–2, respectively. The N-PND–TiO2 exhibited a high
15photocurrent density of ∼1.73 mA cm–2 at 0.23 V versus Ag/AgCl,
16∼183 and 108% of the values found for the pristine mesoporous
17TiO2 and undoped PND–TiO2, respectively (Fig. 4E). A
18schematic energy diagram of the mesoporous N-PND–TiO2 with
19the visible-light-induced transfer of electrons and holes is shown
20in Supplementary Fig. 14a. The incident photo-to-current
21conversion efficiency (IPCE) measurements show that the
22N-PND-inserted mesoporous TiO2 had an IPCE value of ∼50%
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Figure 4 | Optoelectronic performance. A,B, Photographs of the N-PND–TiO2 under visible light (A) and ultraviolet light (B). C,D, Photographs of the
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surface of TiO2 (bottom). H,I, 3D charge-density difference for the interface of N-PNDs and TiO2 (110) with an isovalue of 0.003 e Å–3. Green and blue
isosurfaces represent charge accumulation and depletion in the space.
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1 over the wavelength range of 325−425 nm, more than twice that for
2 the pristine mesoporous TiO2 (Supplementary Fig. 14b). The slight
3 reduction of fluorescence lifetime confirms the process of
4 photocurrent enhancement via electron injection into the TiO2

5 frameworks (Supplementary Fig. 14b). Moreover, the time-
6 dependent photocurrent measurements of the N-PND-inserted
7 mesoporous TiO2 displayed a highly stable and sensitive
8 photocurrent density under on/off cycles of simulated solar
9 illumination without observable degradation (Fig. 4F).
10 The mechanism with regard to the influence of N-PNDs on TiO2

11 frameworks is illustrated further by density functional theory simu-
12 lation35. To simulate the interface between the N-PNDs and TiO2

13 frameworks, several models of different carbon layers doped by N
14 atoms on TiO2 (110) surfaces were used in our calculation
15 (Fig. 4G, and Supplementary Figs 15 and 16). To characterize the
16 change of electronic structure at the interface, 3D plots of charge-
17 density difference were calculated by subtracting the electronic
18 charge of a hybrid carbon–TiO2 nanocomposite from that of the
19 separate single-layer carbon plus that of TiO2 (110) surface
20 (Fig. 4H,I). The enhanced charge transfer may be attributed to the
21 large difference in work functions at the interface of carbon and
22 TiO2 (refs 36,37). Therefore, with N-doping, the charge-transfer
23 rate between the PNDs and TiO2 frameworks is enhanced dramati-
24 cally because of the electron donation from the doped N atoms.

25 Synthesis of other doped PNDs. Other non-metallic atom-doped
26 pencil beads, including boron (B)-, phosphorus (P)- and sulfur
27 (S)-doped pencil beads, were obtained by a similar process of the
28 in situ pre-adsorption of precursors that contained B, P or S
29 (boron oxide (B2O3), triphenylphosphine ((C6H5)3P) and benzyl
30 disulfide (C6H5CH2SSCH2C6H5), respectively) in the natural
31 porosity of the pencil beads, followed by thermal annealing
32 (Supplementary Figs 17–19). The SEM images (Supplementary
33 Figs 17a–c, 18a–c and 19a–c) and nitrogen sorption isotherms
34 (Supplementary Figs 17d,e, 18d,e and 19d,e) show that the
35 obtained porosity of the doped pencil beads results from stacked
36 hierarchical pore structures, analogous to the N-PBs. Subsequently,
37 N-, B-, P- and S-doped graphitic PNDs with bright fluorescence
38 emissions and excellent photostability were obtained by a similar
39 approach (Supplementary Figs 20–22). TEM images and HRTEM
40 images (Supplementary Fig. 20) demonstrate that the obtained B-,
41 P-, S-PNDs are monodispersed with narrow size distributions
42 (diameters of ∼3 nm) and lattice spacing (around 0.32 nm), which
43 correspond to the <002> spacing of graphitic carbon. XPS spectra
44 confirm that stable carbon, boron, phosphorus and sulfur are
45 retained during thermal annealing (Supplementary Fig. 20)38. The
46 ultrasmall PNDs demonstrated excellent photostability towards
47 different temperatures, pH and small-molecule interferences
48 (Supplementary Figs 23–27). The heteroatom-doped PNDs were
49 obtained from various types of commercial pencils (such as 1B–6B,
50 HB, F and 1H–6H) using an electrochemical tailoring method,
51 with almost identical crystallinity, sizes and morphology, which
52 allowed for a higher charge-carrier mobility and broad-light
53 absorbance compared with those of the pristine PNDs
54 (Supplementary Figs 28 and 29)39. Furthermore, the optical
55 properties and appearance of the PNDs remained unchanged after
56 storing for 12 months in air at room temperature.

57 Discussion
58 It is proposed that the doping of pencil beads with non-metallic
59 species (N, B, P and S atoms) occurs by in situ pre-adsorption of
60 the heteroatoms and subsequent thermal annealing (Fig. 1a,
61 Supplementary Fig. 30). This heteroatom-doping approach can be
62 broadly applied to a variety of non-metallic dopants by host–guest
63 chemistry between porous pencil beads and guest dopant molecules.
64 Four non-metallic elements (N, B, P and S) with various electron

65negativities were selected to obtain single-doped pencil beads. The
66resulting N-, B-, P- and S-doped pencil beads have consistent
67porous structures from the hierarchical pore stacking. The physico-
68chemical properties of the doped pencil beads, such as morphology,
69surface area and porosity, are well preserved without noticeable resi-
70dues of the solid precursors in all four of the resultant samples
71(N-, B-, P- and S-doped pencil beads). Nitrogen sorption isotherms
72indicate that all the pencil beads have similar surface areas in a range
73between 40 and 65 m2 g–1. Given that the concentrations of all
74doped heteroatoms are also similar (∼5 atom%), it is expected
75that the difference in the optical activity of various doped PND
76samples does not originate from their physicochemical properties,
77but from the nature of the dopant that affects their optical activities.
78For the synthesis of graphitic PNDs, a mechanism of electro-
79chemical tailoring (Fig. 1a, Supplementary Fig. 31) from porous
80heteroatom-doped pencil beads is proposed. These heteroatom-
81doped pencil beads are designed to serve as both anode and
82cathode in an electrochemical cell using NaOH/ethanol as the elec-
83trolytes. The electrolyte solution changes from colourless to yellow
84with a current intensity of ∼50 mA cm−2, which indicates the
85exfoliation of PNDs from the pencil beads and their accumulation
86in solution. Control experiments using acids (HCl/ethanol,
87HNO3/ethanol and H2SO4/ethanol) as electrolytes did not yield
88PNDs. Control experiments using electrolytes without ethanol
89(NaOH/acetone, NaOH/tetrahydrofuran and NaOH/acetate) also
90failed to produce PNDs. These results reveal that both alkali and alk-
91oxide are key factors, and that OH− and C2H5ONa are essential for
92the formation of PNDs during the electrochemical tailoring process.
93During this process, the solution colour becomes darker and ultra-
94small PNDs are released by oxidation of the pencil bead anode by
95O• and OH• radicals. The oxidation occurs initially at graphite-
96edge sites, grain boundaries or defect sites, which results in the
97opening up of the edge sheets. This opening facilitates the sub-
98sequent depolarization and expansion of the graphite anode, and
99thereby breaks the graphite domains near these defects to release
100PNDs. The passivated surfaces rich in –COOH and/or –OH
101groups offer great potential for a further self-inserted co-assembly
102driven by hydrogen bonds.
103As mentioned above, it is proposed that for the formation of
104ordered mesostructures, the ultrasmall nanodots are incorporated
105into various mesostructures via a co-assembly step driven by hydro-
106gen bonding (Fig. 1b). The assembly enables the formation of
107ordered mesostructures with exogenous N-PNDs and structure-
108directing agents (for example, amphiphilic surfactants of block
109copolymers). In these processes, the amphiphilic surfactants and/
110or copolymers co-assemble together with the ultrasmall photoactive
111graphitic PNDs and the inorganic precursors into ordered meso-
112structures25,26. The organizing ability of the amphiphilic copolymers
113and the diffusibility of the framework precursors place practical
114limits on the size of the nanodots and precursors that can be used
115for a successful co-assembly. Unlike conventional guest molecules
116or oligomers, the ultrasmall heteroatom-doped PNDs can be
117dispersed readily in water, tetrahydrofuran and ethanol, and give
118a transparent appearance to the solution without the need for the
119addition of cosolvents, surface hydrophilic/hydrophobic modifi-
120cation or ultrasonic dispersion. In the absence of further surface
121modification and ultrasonic dispersion, the original ultrasmall
122sizes of nanodots can be maintained for subsequent ordered self-
123inserted assembly, which overcomes size effects on the co-assembly
124of inorganic precursors by the incorporation of exogenous
125materials28. Owing to their rich hydrophilic groups, the direct inter-
126action from hydrogen-bond-driven hydrolysis and condensation of
127the precursors (such as TiO2, silica and carbon) can occur on gra-
128phitic PNDs, which can be further assembled into ordered spherical,
129rod-like and disc-like composite micelles20. Furthermore, critical for
130a successful co-assembly, the ultrasmall (sub-5 nm) sizes of PNDs
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1 allow for a hydrogen-bond-driven direct insertion into the gaps of
2 micelles and mesopore-frameworks, whereas it remains generally
3 challenging to drive the assembly of larger size (>5 nm) exogenous
4 materials with relatively weak non-covalent bonds.
5 In conclusion, we have demonstrated an effective co-assembly
6 strategy to incorporate ultrasmall graphitic PNDs (<5 nm) within
7 ordered mesostructures by hydrogen bonding. The original ultra-
8 small sizes of carbon nanodots with rich hydrogen-bonding sites,
9 which are facilely prepared from commercial pencil graphite
10 beads by an electrochemical tailing method, overcome the size
11 effects on the co-assembly of inorganic precursors by the incorpor-
12 ation of exogenous materials. This strategy is applicable to a broad
13 range of mesoporous materials, which allows the incorporation of
14 optical guest materials in a well-dispersed fashion, and is capable
15 of controlling the spatial distribution of ultrasmall nanodots
16 within the mesoporous framework matrix. The as-obtained PND
17 mesoporous composites encompass the benefit of porous and
18 molecular-sieving behaviours of the mesoporous matrix, together
19 with the functionality typical of isolated ultrasmall graphitic nano-
20 dots. In addition, the assembly of other ultrasmall nanodots, such as
21 semiconductor quantum dots and metal nanoclusters, with high
22 photoelectrochemical efficiencies using this method can be achieved,
23 as long as the controlled growth and surface/interface modification
24 of ultrasmall nanodots are well developed. Our work highlights
25 natural porous pencil beads as a widely available carbon source for
26 the versatile heteroatom-doped functional graphitic PNDs. The
27 capability of incorporating various types of ultrasmall nanodots
28 from this co-assembly approach will also open up many new possi-
29 bilities for practical applications of nanodot-enabled ordered
30 mesoporous structures.

31 Methods
32 All the technical details, procedures and sequences are provided in the
33 Supplementary Information. Procedures with the the cell and animal cultures used
34 in this study were performed in accordance with the Guide of Fudan University for
35 the Care and Use of Laboratory Animals and were approved by the Committee on
36 Animal Care of Fudan University.

37 Received 2 April 2015; accepted 20 October 2015;
38 published online XX XX 2015
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