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A simple strategy toward versatile encapsulations of inorganic nanocrystals, through a green hydrothermal treatment of commercial 
polyurethane sponge, was developed. This approach enables us to realize a general method to form surface-adherent, N-doped coating 10 

with a controllable thickness for well-defined structures. These composites exhibit active properties in optical application and energy 
storage. For example, N-doped carbon encapsulated Fe2O3 nanoboxes show very high discharge capacity and outstanding cyclability, and 
the capacity still remained 1,086 mA h g-1 at a current density of 400 mA g-1 after 200 cycles. Our results described here provide a simple 
surface coating technique so as to design various functional nanostructures. 
 15 

 
Introduction  
Nitrogen doped carbon nanomaterials (N-CMs) with controlled 
morphologies show great advantages in many applications, 
including catalyst supports,1 bioimaging,2 CO2 sequestration,3 

20 

supercapacitors4 and oxygen reduction reaction,5-8 owing to the 
increase of the surface polarity, electrical conductivity and 
electron-donor tendency.9-10 Particularly, first-principle 
calculations have revealed that interfacial stability and electric 
conductivity of inorganic nanocrystals can be significantly 25 

enhanced through N-doped carbon coating.11 So far, various 
coating methods have been reported to design the surface 
properties in order to enhance their stability and improve their 
conductivity.12 Up to now, effective control of N-doped carbon 
coating has proven challenging. In this regard, a facile and 30 

general method to encapsulate inorganic nanocrystals with N-
doped carbon coating is highly desirable. In this work, we present 
a simple yet general hydrothermal carbonization process of 
polyurethane (PU) sponge to encapsulate inorganic nanocrystals 
with N-doped carbonaceous coating for the first time. 35 

PU sponge, the most commonly used shock absorption 
materials, is widely used since the 1930s. PU sponge is composed 
of a chain of organic units joined by carbamate links. Due to their 
special three-dimensional (3-D) porous structures, PU sponge has 
been used as a template to synthesize hybrid composites.13-18 40 

Nevertheless, this hardly-decomposed compound usually leads to 
serious resource wastes and environmental pollution due to 
inappropriate disposal techniques.19 Taking green chemistry and 
sustainable development into consideration, it is of extreme 
urgency to develop a low-cost and environment-friendly method 45 

to make use of PU sponge.  

In this report, we present a simple strategy toward versatile 
encapsulations of inorganic nanocrystals with nitrogen-doped 
carbonaceous coatings, through a green hydrothermal treatment 
of commercial PU sponge. The highly porous 3-D structures of 50 

PU sponge may serve as ideal platforms for homogenous 
absorption of other species like inorganic nanocrystals, and as a 
result this hydrothermal process leads to forming surface-
adherent coating with a controllable thickness. In addition, 
nitrogen can be in situ introduced into the carbonaceous coating 55 

layer because of the rich N of the PU sponge. This N-doped 
carbonaceous coating layer can act as a unique medium for 
optical application and an excellent conductor in energy storage 
after carbonization. As a proof of concept, we demonstrate that 
the surface plasma properties of Au nanoparticles can be finely 60 

tuned by changing the thickness of coatings. Moreover, the 
Au/N-C composites were used as a surface-enhanced Raman 
scattering (SERS) substrate and showed enhanced SERS effect as 
compared to the pure Au nanoparticles. Most importantly, the N-
doped carbon encapsulated Fe2O3 nanoboxes exhibit very high 65 

discharge capacity and outstanding cycling performance as an 
anode material for lithium ion battery (LIBs). It is believed that 
the present study not only provides a versatile method to control 
surface coating for inorganic nanocrystals, but also allows for the 
design of functional composites for a broad range of applications. 70 

 
Results and Discussion 

PU sponge used in this work was first cleaned and cut into 
small cubes (Fig. S1). N-doped carbonaceous coating hybrid 
composites can be obtained by introducing various nanocrystals 75 

before hydrothermal treatment (Fig. 1a). The coating structure  

Page 1 of 8 Nanoscale

N
an

os
ca

le
A

cc
ep

te
d

M
an

us
cr

ip
t



 

2  |  Journal Name, [year], [vol], 00–00 This journal is © The Royal Society of Chemistry [year] 

 
 
 
 
 5 

 
 
 
 
 10 

 
 
 
 
 15 

 
 
 
 
 20 

 
 
 
 
 25 

 
 
 
 
 30 

 
 
 
 
 35 

was initially investigated with 8 nm Pd nanocube (Fig. 1b). As 
shown in Fig. 1c, Pd nanocube has been encapsulated by a very 
thin shell structure, displaying chain-like topology. The thickness 
of coating layer is around 1 nm.  It was noted that the coating 
thickness was tunable by varying the reaction time. The coating 40 

thickness was a function of the hydrothermal time and reached 10 
nm after 3 hours (Fig. 1c-e). Most importantly, we found that the 
encapsulation strategy can be extended to various nanostructured 
species with different sizes, and shapes (Fig. S2), including Au 
nanoparticles (AuNPs), Pt nanocaves, MnO2 nanowires, carbon 45 

nanotubes (CNTs), Fe2O3 nanoboxes (120 nm), Fe2O3 nanoplates 
(150 nm) and CdS nanoparticles (250 nm). These nanocrystals 
were successfully coated by a N-doped carbonaceous layer using 
this approach without any surface modification (Fig. S3). All 
composites exhibited well-defined structure with excellent water 50 

dispersibility. Fig. 1g presents the TEM images of AuNPs coated 
by a shell thickness of about 5 nm. We noted that the small-sized 
nanoparticles tend to form chain-like nanoassemblies after 
coating, especially in the coating of nanoparticles less than 10 nm. 
In this case, we can see that these small-sized Pd nanocubes tend 55 

to embed into a chain geometry structure. Conversely, there was a 
core-shell structure for large-sized nanoparticles. For example, 
CdS and Fe2O3 nanoboxes can be individually encapsulated by a   
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carbonaceous layer (Fig. 1i-k). Even for the one-dimensional 
structure, the CNTs and MnO2 nanowires can be covered by a 
layer with cable-like structure (Fig. S3e-f). This implies that the 95 

encapsulation of N-doped carbonaceous coating has no 
relationship with the morphology of nanocrystals.  

X-ray photoelectron spectroscopy (XPS) was used to 
investigate the structural information of coating layer. The survey 
spectrum of the Pd/N-C shows three typical peaks of C1s, N1s, and 100 

O1s (Fig. S4). The corresponding C1s spectrum in Fig. 2a shows 
four peaks at 284.6, 285.7, 286.6, and 288.0 eV,20 which is 
assigned to C–C, C–N, C–O, and C=N/C=O, respectively. The 
high-resolution N1s spectrum (Fig. 2b) indicates the presence of 
C-N-C (398.5 eV) and N-C3 (399.6 eV), 21 indicating that the 105 

nitrogen atom has been well doped into the carbon skeleton. The 
Pd/N-C was further characterized by Raman spectroscopy (Fig. 
S4d), the two broad bands located at 1351 and 1577 cm-1 
represented the D band and G band, respectively. The low ID/IG 
ratio, ID/IG≈1. 0, indicates the presence of graphic phase and 110 

shows that the graphitic level is not very high after hydrothermal 
treatment. As disclosed by the FTIR spectrum in Fig. S5, the 
broad peak centered at 3400 cm-1 was assigned to O–H or N–H 
vibrations. Bands at around 1370 and 1504 cm-1 for all the N-
doped-encapsulated composites correspond to the C-NH-C/C=C 115 

stretching modes, which are consistent with the XPS results. 

Fig1. (a) Schematic illustration of the formation of nanocrystals with N-doped carbonaceous coating. (b) TEM imags of Pd 
nanocubes. TEM images of the different thickness of Pd coated N-doped carbon obtained after 1 h (c), 2 h (d) and 3 h (e) of 
hydrothermal treatment. (f-g) TEM images of AuNPs coated N-doped carbon layer under different magnifications. (h-i)TEM 
images of pristine Au nanorods and Au nanorods coated N-doped carbon. (j-m) SEM and TEM images of CdS with N-doped 
carbonaceous coating.  
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To understand the formation of the coating layer, time-

dependent experiments were carried out to investigate the 
decomposing of PU sponge during hydrothermal treatment. As 15 

shown in Fig. S6a, the pristine PU sponges possess three-
dimensional and well-connected networks. After hydrothermal 
treatment, a lot of hemispheric structures emerge on the surface 
of PU skeleton at 200 oC for 2 h (Fig. S6b-c). A yellow solution 
was formed during this stage, which shows that PU decomposed 20 

into some monomers. After reacting for 6 h (Fig. S6d), some 
micro-sized sheet structures can be seen and the 3-D structure of 
PU sponge was completely changed, indicating ongoing 
polymerization or condensation reactions. As the reaction 
proceeds (Fig. S6e-f), it was obvious to see that only irregular 25 

structure can be obtained after 12 h, which results from the 
polymerization and carbonization of PU sponge. XPS 
measurements were used to determine the composition of the 
product after hydrothermal treatment. Compared with pristine PU 
sponge, we found that the content of the oxygen of the fianal 30 

product is still very high (26.82%), indicating the low 
dehydrogenation and condensation degree during this process 
(Table S1). It is speculated that PU sponge degrade into 
monomers through a top-down process during the hydrothermal 
treatment. When nanocrystals were added into the solution, these 35 

polymeric fragments may absorb on the surface of species, giving 
rise to a surface-adherent layer. This is similar to 
the hydrothermal carbonization of carbohydrates and other 
biomass materials.22-23 We therefore speculate that this is 
generalized hydrolysis and polymerization of PU sponge under 40 

hydrothermal treatment. Firstly, PU sponge will degrade into 
monomers through a top-down process under subcritical 
conditions. Then, these monomers or polymeric fragments may 
assemble or absorb on the surface of the nanocrystals and other 
species in solution via a cross-linking or π-π packing reaction,24-29 45 

leading to surface-adherent, N-doped coating layer. In order to 
illustrate the versatility of the strategy, we used different PU 
sponge as carbon sources to encapsulate CNTs. The result 
showed that all CNTs can be successfully coated by a 
carbonaceous layer under the same conditions (Fig. S7). 50 

 
Photoelectric property of nanocomposites 

We first applied this coating technique for noble metal to 
investigate their optical properties. We coated the AuNPs with N-
doped carbonaceous coating because AuNPs are one of the most 55 

extensively investigated metals due to their unique localized 
surface plasmon resonances (SPR).30-31 In a typical experiment, 
citrate-stabilized 8-nm-diameter AuNPs were prepared and 
redispersed in water to desired concentrations. The TEM images 
are presented in Fig. 3a. The AuNPs have been encapsulated 60 

within cross-linked layer after coating. It is noted that the small-
sized nanoparticles tend to form chain-like nanoassemblies after 

coating (inset in Fig. 3a), which is consistent with the Pd/N-C 
composites. To further study the shift of the plasmon resonant 
wavelength as a function of coating thickness, time-dependent 65 

experiments were investigated by TEM analysis and UV-vis 
absorption measurements. It is obvious to see that the thickness 
of the coating layer increased with time (Fig. S8) and the color of 
AuNPs solution gradually changed from reddish to bluish violet 
over time (Fig. 3b). The corresponding UV-vis spectra shows a 70 

gradual red-shift (Fig. 3c), which is in good agreement with the 
theoretical prediction that SPR is usually influenced by the 
refractive index of the surrounding medium, and its strength 
decreases as the refractive index increases.32-33 Similar plasmon 
shifts can be observed for different diameter of AuNPs after 75 

coating (Fig. S9a-f). In addition, the thinkness of coating layer 
can also be changed by varying the amount of PU spnge ((Fig. 
S9e-g). As a result, surface plasmon resonances of AuNPs can be 
continuously tuned by changing the thickness of coating layers. 
Cyclic voltammogram results (Fig. S10) indicate that the 80 

existence of Au structure at about 0.9 V gives rise to some 
electrochemical response. On the other hand, there was no peak 
about 0.9 V, indicating AuNPs/N-C composites possess pinholes-
free character. 

Encouraged by this pinholes-free character, we demonstrated 85 

the application of 55-nm-diameter Au/N-C composites as a 
substrate for SERS. As shown in Fig. 3d, a high-contrast Au core 
was covered with a layer of ca. 2 nm thickness, displaying a well-
defined core-shell structure. This coating layer can be further 
proved by EDS line scanning profiles across an individual 90 

particle(Fig. S10e-f). The SERS performance of Au/N-C 
composites is five times higher than that of pure AuNPs (Fig. 3e). 
Enhanced SERS performance may be associated with their 
enhanced ability to absorb more aromatic dye molecules.34 This 
ultrathin shell not only can provide a physical barrier to against 95 

the aggregation of AuNPs, but also enhance interaction with the 
probe molecules via π-π stacking interaction because of abundant 
functional groups on the coating surface (Fig. 3f). However, a 
thick layer undoubtedly reduces the Raman signal. When the 
shell thickness increases to ca. 10 nm, the signal intensity 100 

decrease remarkably due to the near-field effect of localized SPR 
(Fig. S11c).35  

This coating can also be used as a protective layer for CdS. 
CdS was an excellent candidate as anode materials in the photo 
electrochemical cells. However, CdS usually suffers from poor 105 

stability because the sulfide ion is highly prone to oxidation. We 
coated CdS nanoparticles with a thin layer (CdS/N-C) as a 
protection layer to prevent the oxidation of sulfide ions. TEM 
image revealed that CdS were uniformly coated by a thin layer 
(Fig. 3g). Diffuse reflectance spectroscopy was used to 110 

characterize the absorption property of the CdS nanoparticles 
after coating. CdS/N-C show enhanced visible-light absorption 
compared with the pure CdS nanoparticles (Fig. 3h). We studied 
their photocurrent-density response under visible-light and the 
photocurrent measure showed that the performance of CdS/N-C 115 

was about three times than that of pure CdS nanoparticles (Fig. 
3i). In order to investigate the effect of the coating, we examined 
the crystallographic structure of CdS/N-C composites before and 
after heat treatment in air. After being coated, the obtained 
materials were further annealed at 450°C in air. The calcinated 120 

Fig 2. (a) High-resolution C1s of XPS spectra of the as-

prepared Pd/N-C. (b) High-resolution N1s of XPS spectra of the 

as-prepared Pd/N-C. 
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hybrid materials still exhibited diffraction patterns identical to 
that of pure CdS (Fig. S12), indicating that CdS is not oxidized at 
high temperatures. This is similar to previous work about carbon-40 

coated CdS nanostructures.36 Therefore, enhanced photocurrent 
performance can be attributed to the N-doped carbonaceous 
coating, which serves as a resistant against oxidation so as to 
preserve the inner CdS nanoparticles through surface engineering 
method. 45 

 

Lithium ion battery test of Fe2O3/N-C nanoboxes 

nanocomposites 

We further explored the application of Fe2O3 nanoboxes with 
N-doped carbon coating (Fe2O3/N-C) in lithium ion battery. 50 

Fe2O3 nanoboxes were first prepared by annealing prussian blue 
nanocubes (Fig. 4a).37 After coating, a uniform layer can be 
clearly seen around the entire surface of Fe2O3 nanoboxes. The 
structure and composition of Fe2O3 nanoboxes can be well 
retained based on the observation of TEM images (Fig.S14) and 55 

XPS spectra (Fig. 4b-d). The survey spectrum of the Fe2O3/N-C 
shows four typical peaks of C1s, N1s, O1s and Fe2p (Fig. 4e). The  
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XPS spectrum shows that the content of the nitrogen of 95 

Fe2O3/N- C is as high as 10.18 wt%. In addition, the Fe2p peaks of 
Fe2O3 nanocubes at ~711 eV and ~725 eV are contributed to Fe 
2p3/2 and Fe 2p1/2 for iron(III) oxide (Fig. 4f). The as-obtained 
sample was further treatmented followed by thermal annealing in 
N2. The synthetic procedure for Fe2O3/N-C is presented in Fig. 100 

S13 and the carbon content is calculated to be about 15 wt% by 
thermogravimetric analysis (Fig.S15).  

Fig. 5a depicts the cycling behavior of the Fe2O3/N-C and 
Fe2O3 nanoboxes electrodes. It is worth noting that the Fe2O3/N-C 
the electrode can still deliver a capacity of 1,225 mA h g-1 at a 105 

current density of 200 mA g-1 after 150 cycles. By contrast, the 
capacities of the pure Fe2O3 nanoboxes was about 717 mA h g-1. 
The capacities of Fe2O3/N-C are much higher than Fe2O3 

nanoboxes, indicating that this N-doped carbon coating can 
effectively improve the Li-cycling kinetics, thus leading to a 110 

higher capacities. Note that the capacity of Fe2O3/N-C and Fe2O3 

displays an increasing trend. The increasing trend of the capacity 
of material is likely associated with a gradual activation process 
of the metal-oxide electrodes as well as the reversible growth of 
the polymeric gel-like film by the kinetically activated electrolyte 115 

Fig 3. (a) TEM image of 8-nm-diameter AuNPs. The inset is Au/N-C composite after surface coating, displaying a chain 
geometry structure. Scale bars: 10nm. (b) UV-vis extinction spectra of Au/N-C composite under different time from left to right, 
0 min, 40 min, 80 min, and 120 min. (c) The corresponding color of Au/N-C. (d) HRTEM image of 55-nm-diameter AuNPs/N-
C. (e) SERS spectra of Au/N-C of ca. 2 nm shell (red) and pure AuNPs (blue) at 633 nm laser excitation. (f) AuNPs/N-C 
adsorbed by probed molecules: contact mode. (g) TEM image of CdS with N-doped carbonaceous coating. (h) Diffuse 
reflectance UV/Vis spectra of pure CdS and CdS/N-C hybrid composites. (i) Photocurrent-density response. I-V scans of under 
visible-light illumination of pure CdS nanoparticles (black) and as-synthesized CdS/N-C composite heated in air (red). 
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degradation, which is a common phenomenon for metal-oxide 
anode materials.38-42 Fig. 5b shows the rate capability of the as-
obtained Fe2O3/N-C at different current densities. It can be 
clearly observed that the as-obtained composits display excellent 
capacity retention at different rates.  5 

 
 
 
 
 10 

 
 
 
 
 15 

 
 
 
 
 20 

 
 
 
 
 25 

 
 
 
 
 30 

 
 
 
 
 35 

 
 
 
 

The voltage profiles of Fe2O3/N-C nanoboxes at a current 40 

density of 400 mA g-1 are shown in Fig. 5c. The discharge−charge 
voltage profiles are typical characteristics of the voltage feature 
for the Fe2O3 electrode, which is attributed to the reversible 
reduction of Fe3+ to Fe0 and the formation of Li2O based on the 
following reaction: Fe2O3+6Li++6e− 2Fe0+3Li2O. 43-45 The initial 45 

capacity loss may be attributed to the incomplete conversion 
reaction and irreversible lithium loss. Moreover, the Fe2O3/N-C 
electrode is still able to deliver a capacity of 1086 mAh g-1 after 
200 cycles at a density of 400 mA g-1 (Fig. 5d). It is clear that the 
capability of Fe2O3/N-C hybrid is superior to those iron oxide-50 

based anodes results previously reported, such as carbon-coated 
CNT@Fe2O3,

46 3D Fe3O4/graphene foams,40 Fe2O3/3D graphene 
networks,47 and Fe2O3@polyaniline.48 

We also investigated the cycling response at varying rates, as 
shown in Fig. S16. Even during cycling at a high current density 55 

of 1000 mA g-1 after 150 cycles, their capacities could still be 
retained over 720 mA h g-1, which exhibits an outstanding energy 
storage performance (high capacity and long cycle life) as an 
anode material for LIBs. This remarkable improvement of the 
cycling performance can be associate with the size of Fe2O3 60 

nanoboxes and the N-doped carbon coating.45 We believe that the 
N-doped coating layer here not only serves as mechanical 
reinforcement so as to dissipate the stress caused by the volume 
excursions in charging and discharging reactions, but also 

increases the electrical conductivity because of the high content 65 

of nitrogen. As a consequence, Fe2O3/N-C delivers a high 
reversible capacity and remarkable cycling performance. In short, 
this N-doped carbon coating technique shows wide promising 
applications in energy storage and conversion.   

 70 
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Conclusion   95 

In summary, we have demonstrated an effective and green 
strategy to control N-doped carbonaceous coating through 
hydrothermal approach of commercial PU sponge in water for the 
first time. This encapsulation strategy technique is applicable to 
various nanocrystals with a controllable thickness. We note that 100 

precursors used in the process are abundant and available, which 
meet the commercial needs for scale-up production. The resulting 
composites exhibit a variety of properties, and their potential 
applications in optical property and energy storage have been 
investigated. As an example, we demonstrate that the surface 105 

plasma properties of AuNPs can be finely tuned by changing the 
thickness of coating layer. The resulting nanocomposits also 
exhibit enhanced SERS performance compared with pure Au 
nanoparticles. What is more, the N-doped carbon coating can 
significantly increase the performance of lithium ion battery. 110 

Therefore, this encapsulation strategy described in this work has 
great advantages in designing functional composites for various 
applications including biosensors, catalysis and energy storage 
and conversion applications. 
 115 

 
Experimental section 
Synthesis of 8 nm AuNPs49: Typically, PVP (K30, 50 mg) and 
H2C2O4 (0.5 mmol, 63 mg) were successfully dissolved into 
formamide (5 mL) and heated to 120 °C. Then HAuCl4·4H2O 120 

aqueous solution (0.25 mL, 0.2 mol/L) was quickly injected into 
the above solution, the solution turned dark red immediately and 
was maintained at 120 °C for 10 min. After cooling, the product 
was washed with acetone and centrifuged two times. The final 
product could be well dispersed in water. 125 

Fig 5. (a) Discharge-charge voltage profiles of Fe2O3/N-C. (b) 
Rate capability of Fe2O3/N-C at various current densities. (c) 
Discharge-charge voltage profiles of Fe2O3/N-C at a current 
density of 400 mA g-1. (d) Long-term cycling stability of 
Fe2O3/N-C. Tests are conducted between 0.01 and 3.0 V.

Fig 4. (a) SEM images of the as-prepared Fe2O3 nanoboxes. 
(b-d) TEM images of the Fe2O3/N-C nanoboxes under 
different magnifications. e) XPS spectra of Fe2O3/N-C 
nanoboxes. f) XPS Fe 2p spectrum of Fe2O3/N-C nanoboxes. 
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Synthesis of 13 nm AuNPs50: Citrate-stabilized AuNPs were 
prepared by a sodium citrate reduction method of HAuCl4. In a 
typical procedure for the synthesis of 13 nm AuNPs, an aqueous 
solution of HAuCl4 (0.01%, 150 ml) was brought to a vigorous 
boil with rapid stirring in a round bottom flask (250 ml). When 5 

the solution started to boil, an aqueous solution of trisodium 
citrate (1%, 4.5 ml) was added. The deep red suspension can be 
obtained under stirring for another 30 minutes. Other AuNPs with 
different diameters were prepared by changing the amounts of 
trisodium citrate (1%, 4.5 ml) while other conditions are kept 10 

constant. For example, 55-diameter AuNPs were prepared by 
changing an aqueous solution of trisodium citrate (1%, 1 ml). The 
deep red suspension can be obtained under stirring for 30 minutes.  
Synthesis of Au nanorods: Gold nanorods were synthesized 
using a two-step seed-mediated method described previously. 51 15 

Briefly, 10 mL of an aqueous 0.25 mM solution of HAuCl4 3H2O 
was added into 7.5 mL of an aqueous 0.1 M 
cetyltrimethylammonium bromide solution. Then, 0.6 mL of an 
aqueous 0.01 M ice-cold NaBH4 solution was added and stirred 
for 2 min. The seed solution was kept in a water bath at 25 °C and 20 

was used at least 2 h. Second, 12 μL of seed solution was added 
to solution containing 0.1 M CTAB, 0.5 mM HAuCl4, 0.55 mM 
ascorbic acid, and 0.06 mM silver nitrate. The reaction mixture 
was mixed and left undisturbed for 12h. The solution of NRs was 
centrifuged to remove the excess CTAB and redispersed in 25 

deionized water. 
Synthesis of Pd nanocubes49: KI (166 mg) and PVP (K30, 50 
mg) were added into 5 mL of formamide under intense stirring at 
120°C. Then, PdCl2 powder (65 mg) was added and maintained at 
120°C for 60 min. After the reaction, 20 mL acetone was added 30 

and the dispersion was centrifuged at 10000 rpm for 5min. The 
washing was repeated for several times. The final product could 
be well dispersed in water. 
Synthesis of Pt concaves52: 2 mL of H2PtCl6 solution (20 mM), 
PVP (K30, 200 mg), and glycine (40 mg) were added to 6.0 mL 35 

of deionized water and stirred several minute at room temperature. 
The resulting yellow homogeneous solution was transferred to a 
12 mL Teflon-lined stainless-steel autoclave and heated at 200°C 
for 6h. After cooling, the product was washed with water several 
times to remove all soluble impurities. The final product could be 40 

well dispersed in water. 
Synthesis of α-MnO2 nanowires53: Manganese sulphate 
monohydrate (MnSO4·H2O), ammonium persulfate ((NH4)2S2O8), 
and ammonium sulfate (NH4)2SO4 with a molar ratio of 1:1:3 was 
added into 36 ml of distilled water under intense stirring and 45 

transferred to a Teflon vessel held in a stainless steel vessel. The 
sealed vessel was placed in an oven and heated at 180°C for 12h. 
After cooling, the product was washed with water several times 
to remove all soluble impurities, and finally dried in air at 80 °C.  
Synthesis of Fe2O3 nanoboxes: Fe2O3 nanoboxes were obtained 50 

by the annealing of prussian blue nanocubes.36 Firstly, 
K4Fe(CN)6·3H2O (45mg), polyvineypirrolydone (PVP, K30, MW 
~ 30000, 3.0 g) and were added to a HCl solution (0.1 M, 30 mL) 
under magnetic stirring. A clear solution was obtained by stirring 
for 30 min. The bottle was then placed into an electric oven and 55 

heated at 80 °C for 15 h. The obtained blue product was washed 
with distilled water and absolute ethanol for several times and 
finally dried in air at 60 °C for 12 h. To convert the prussian blue 

nanocubes into hollow Fe2O3 microboxes structures, the as-
synthesized prussian blue product was heated at different 60 

temperature of 550 °C with a temperate ramp of 1 °C min-1 for 10 
h in air. 
Synthesis of Fe2O3 nanoplates54: FeCl3·6H2O (1.0 mmol) was 
dissolved under vigorously magnetic stirring in ethanol (10.0 mL) 
and distilled water (0.7 mL). Then, 0.8 g of sodium acetate was 65 

added under stirring. The mixture was sealed and transferred to a 
Teflon vessel held in a stainless steel vessel. The sealed vessel 
was placed in an oven and heated at 180°C for 12h. After cooling, 
the red solid products were washed with distilled water and 
ethanol several times,  and finally dried in air at 60 °C. 70 

Synthesis of CdS nanoparticles35: CdCl2·6H2O (3.5 mmol), 
thiourea (3.5 mmol), and polyvinylpyrrolidone (PVP; MW~ 58K, 
0.5 g) were dissolved in 30 mL of ethylene glycol (EG) under 
intense stirring. This homogeneous mixture was then transferred 
into a Teflon-lined stainless-steel autoclave of 50 mL in capacity 75 

and kept at 160 °C for 12h in an electric oven. After cooling, the 
yellow products were collected by centrifugation, washed with 
ethanol and distilled water, and finally dried in air at 80 °C. 
Synthesis of nanocrystals with nitrogen-doped carbonaceous 
coating: Firstly, the commercial PU sponge was obtained after 80 

being washed with water and ethanol, and then dried in air. 
Typically, a certain amount of nanoparticles, including Pd, Au, Pt, 
MnO2 nanowires, CNTs, Fe2O3 nanoboxes, Fe2O3 nanoplates and 
CdS nanoparticles, were dissolved in 30 mL of water. Then, the 
prepared PU sponge was added. The solution was transferred to a 85 

50 mL Teflon-lined stainless steel autoclave and sealed. The 
autoclave was then heated at 180-200°C for several hours. After 
cooling, the product was collected by removing the insoluble 
materials through simple filtration. Finally, the product was 
harvested by centrifugation, washed with water. The products 90 

were named as Pd/N-C, Au/N-C, Pt/N-C, MnO2/N-C, CNTs/N-C 
CdS /N-C and Fe2O3/N-C. 
Materials Characterization: The morphology and size of the 
nanostructures were determined by a HITACHI H-7700 TEM 
with an accelerating voltage of 100 kV, and a FEI Tecnai G2 F20 95 

S-Twin high-resolution (HR) TEM equipped with energy 
dispersive spectrometer (EDS) analyses at 200 KV. The samples 
were prepared by depositing and evaporating a droplet of the 
aqueous colloidal solution on silicon pellet or a carbon-coated 
copper grid. The scanning electron microscope (SEM) was 100 

performed on a LEO 1530. The crystal structure was analyzed by 
a Bruker D8-advance X-ray powder diffractometer operated at 40 
kV voltage and 40 mA current with CuKα radiation (λ=1.5406 Å). 
IR spectra were measured by using a Perkin Elmer FT-IR 
spectrophotometer on KBr pellets in the range of 4000-400 cm-1 

105 

with the resolution of 4 cm-1. The C, H and N contents were 
measured on a VarioEL (ElementarAnalysensysteme GmbH). X-
ray photoelectron spectroscopy (XPS) experiments were carried 
out on scanning X-ray microprobe (Quantera SXM, ULVAC-PHI. 
INC) operated at 250 kV, 55 eV with monochromated Al Kα 110 

radiation. The diffuse reflectance ultravioletvisible (UV-vis) 
absorption spectrum were obtained using a Shimadzu UV-3600 
spectrometer. Thermo-gravimetric analysis was carried out at a 
constant heating rate of 10 °C min-1 from room temperature to 
800 °C on a TA-50 thermal device in air. Raman spectrometer 115 

employing an Ar-ion laser  operating at 514 nm. A 50×, telephoto 
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Olympus objective lens, was used to focus the laser on the 
samples (laser spot size: ca. 2 µm). All spectra were calibrated 
with respect to silicon wafer at 520.7 cm−1. 
SERS measurement: R6G was selected as the probe molecule. 
The as-synthesized Au/N-C composite spin-coated on Si 5 

substrate was immersed in 5 mL R6G (10−7 M) aqueous solutions 
for 12 h so as to ensure good molecule adsorption, taken out and 
then dried in air. Raman spectra were recorded on a Renishaw 
invia Raman Microscopy. The excitation lights were 633 nm 
from a He-Ne laser beam.  10 

Photoelectronchemica test: Photoelectronchemical cells (PECs) 
measurement was carried out on a CHI 650D electrochemical 
work station. The working electrode was prepared by drop 
casting the nanostructures dispersion (4mg/mL) onto F-doped Tin 
Oxide glass (FTO, 1 cm*1 cm) and then calcined in air at 450 °C 15 

for 30 minutes. The counter electrode was a Pt flag and the 
reference electrode was saturated calomel electrode (SCE). PECs 
measurement involved the I-V scan technique using a 300 W Xe 
lamp with a UV light filter (λ> 420 nm). For all electrochemical 
measurements, an aqueous solution of 0.5 M Na2SO4 was used as 20 

the electrolyte. 
Lithium ion battery measurements: The working electrodes 
were prepared by mixing the samples (Fe2O3/N-C), conductive 
carbon black (Super-P), and poly (vinyldifluoride) (PVDF) at a 
weight ratio of 80:15:5 and pasted on pure copper foil. Cell 25 

assembly was carried out in an Ar-filled glove box with moisture 
and oxygen concentrations below 1.0 ppm, using lithium metal as 
the counter electrode. The electrolyte is 1 M LiPF6 in a mixture 
of ethylene carbonate and diethyl carbonate (1:1 by weight). The 
cycling and rate performances were recorded on a LAND celltest 30 

2001A system with a voltage of 0.01-3 V vs. Li+/Li. 
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