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Hydroxyl-rich nanoporous carbon nanosheets synthesized by a 

one-pot method and their application in the in-situ preparation of 

well-dispersed Ag nanoparticles 

Xiaodi Guo, Gaili Liu, Shuang  Yue, Jing He,  and Lianying Wang*

Functional nanoporous carbon nanosheets (CNSs) with high 

surface area have been synthesized by pyrolysis of  simple 

organic-inorganic layered zinc hydroxides nanosheets. The 

synthesized CNSs with abundant hydroxyl groups display 

remarkable reactivity and the capability for in situ loading with 

ultrafine Ag NPs, which show excellent catalytic activity toward 

the reduction of 4-nitrophenol (4-NP) by NaBH4. 

Nanoporous carbon materials with high surface area and large 

pore volume have been widely applied in many fields such as 

adsorbents, catalysts supports, and electrode materials.1 To 

date, extensive methods (including arc-discharge,2a laser abla-

tion,2b chemical vapour decomposition,2c and chemical or 

physical activation methods2d) have been employed to 

prepare carbon materials.  Recently, carbonization of the 

metal−organic frameworks (MOFs) or porous coordination 

polymers (PCPs) is an effective way to prepare NPC due to its 

simplicity and high yield.3 However, most of the reported 

procedures involve expensive reagents (organic solvent, 

additional carbon sources, surfactant and templates) or 

complex manipulations and equipment. Therefore, it is highly 

desirable to develop a simple protocol for the fabrication low-

cost, large-scale, nanoporous carbon materials for their large 

scale applications. 

As efficient and cost-effective noble metal, silver nanoparticles 

(Ag NPs) have been attracted tremendous attention in recent 

years because of their unusual physical and chemical 

properties compared to bulk metal and their potential 

applications in electronic or optical materials, as well as in 

catalysis.4 It is well known that the overall performance of Ag 

NPs depend heavily upon the size, shape, dispersion. However, 

due to their high surface area to volume ratio, Ag NPs are 

typically unstable and tend to sinter into larger species, which 

results in a dramatic decrease in catalytic activity and 

selectivity. To avoid aggregation, considerable efforts have 

been made by immobilizing Ag NPs on/into various solid 

supports.5 Among a wide variety of supports, carbon materials 

(e.g. carbon nanofibers, graphene and carbon nanotubes) are 

attractive candidates for supports because of their fascinating 

features such as high specific surface area, good chemical and 

thermal stability, and intrinsic high electrical conductivity.6 It is 

known that preformed carbons are poor in functional groups 

and loading carbon supports with Ag NPs requires pre-

treatment of the carbons for chemical activation or 

functionalization followed by the addition of a reducing 

agent.7 Therefore, it is highly desirable to develop a simple, 

cost-effective, and green strategy to synthesize Ag/carbon 

with well−dispersed Ag NPs embedded in the carbon matrix. 

                                                                                      

 

Scheme 1 Schematic illustration of the synthetic route used to synthesize 
hydroxyl-rich nanoporous CNSs with high surface area from organic−inorganic 
layered zinc hydroxides nanosheets and their application in the in-situ 
preparation of well-dispersed Ag nanoparticles. 

Here, we demonstrate that CNSs with high surface area, 

large pore volume and functionality have been successfully 

synthesized by using the simple organic-inorganic layered zinc 

hydroxides nanosheets as precursor (Scheme 1). The 

synthesized CNSs with abundant hydroxyl groups display 

remarkable reactivity and the capability for in situ loading with 
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ultrafine Ag NPs without the need for any external reducing 

agents or surface modification. We also demonstrate that the 

Ag NPs embedded in CNSs (Ag/CNSs) show excellent catalytic 

activity toward the reduction of 4-nitrophenol (4-NP) by NaBH4.  

The layered zinc hydroxides intercalated with salicylate anions 

(LZHs−Sal) precursor was prepared by coprecipitation in water, 

which facilitates the large-scale synthesis of LZHs−Sal 

precursor (Details of the experimental are given in the ESI†). 

The X-ray diffraction (XRD) pattern (Fig. S1) of precursor 

exhibits the typical pattern of a layered structure with very 

well-ordered (00l) basal peaks at low angle, confirming the 

successful intercalation of salicylate anions,  and the structure 

is similar to Co(OH)1.7(C6H5COO)0.3·0.6H2O nanoplates.8 

Scanning electron microscopy (SEM) image (Fig. S2) shows the 

expected uniform platelet morphology. The EDX spectra (Fig. 

S3) shows the presence of Zn, O, C (with additional Pt signals 

arising from the Pt coating). Based on the elemental analysis 

and TG-DTA results (Fig. S4), the chemical composition of the 

LZHs−Sal can be written as Zn(OH)1.64(C7H5O3)0.36·0.15H2O 

(Anal. Calcd: C 20.81, H 2.57%. Found: C 20.80, H 2.65%).   

The LZHs−Sal was directly carbonized at 600, 700, 800, and 

900°C for 5h under N2 flow. Powder X-ray diffraction patterns 

(XRD) of products carbonized below 900°C are shown in 

Fig.S5a, where all the peaks are attributed to the ZnO deriving 

from the decomposition of the LZHs−Sal precursor.9 Carbon 

signals can be observed after removing of ZnO (Fig. S5b). 

However, for the samples obtained by carbonizing at 900 °C, 

signals of ZnO species cannot be found in the XRD pattern (Fig. 

S5b). This phenomenon has been explained in previous 

literatures.10 The XRD patterns for the four NPC samples 

display two broad peaks at 2θ =23° and 44°, corresponding to 

the diffractions for carbon.  

 

Fig. 1 (a) Low- magnification TEM image of CNSs-600, (b) HRTEM image of CNSs-
600, (c) HRTEM image of CNSs-900, (d) Nitrogen adsorption−desorption 
isotherms and (e) pore size distributions of CNSs. 

 

TEM image demonstrates that the carbon materials still 

remain the sheet−like morphology with their thickness about 

25 nm, and such nanosheets are composed of interconnected 

structures of hollow carbon shells (4−6 nm) comprised of few 

graphitic carbon layers (Fig. 1a-c). Their variat ional textures 

revealed that the structures of the resultant carbon materials 

could be tuned by reasonably changing the calcination 

temperature. The graphitic nature of NCNSs is evident in the 

Raman spectra shown in Fig S6.  The spectra exhibits D and G 

bands centered at 1342 and 1604 cm
−1

, respectively, 

corresponding to the disordered carbon structures and the 

vibration mode to the movement in opposite directions of two 

carbon atoms in a single grapheme sheet.11 The appearance 

of G and D bands in the samples further confirms the 

formation of graphitic carbon, which is well consistent with the 

HRTEM observation. 

Nitrogen adsorption-desorption isotherms are shown in Fig. 

1d with the related parameters listed in Table S1. The general 

shape of the N2 sorption isotherms for all the carbon 

nanosheets suggests the existence of different pore sizes. 

Especially, the steep increase in the adsorbed volume at low 

relative pressure reveals the presence of the micropores in the 

samples, and the following small slope observed at medium 

relative pressure as well as the desorption hysteresis 

demonstrates the existence of mesopores. With the increase 

in the carbonization temperature, the BET surface areas and 

the volume firstly increase and following decrease. The CNSs-

700 possesses the highest surface area (2402 m
2
·g−

1
) and the 

largest pore volume (2.75 cm
3
·g−

1
), while the BET surface area 

of CNSs-900 decreases drastically to 667 m
2
·g−

1
 due to the 

collapse of the nanoporous structure caused by 

graphitization.12 Pore size distributions of the four 

nanoporous carbon samples calculated from the nitrogen 

nitrogen adsorption branches are shown in Fig. 1e, the 

majority of pores are located in the region of mesopore. All the 

sampes display very close pore size distribution with a peak 

centering at ca. 3.8 nm. 

 

Fig. 2 FTIR spectra of (a) CNSs-600, (b) CNSs -700, (C) CNSs -800, (d) CNSs -900, 
and (e) Ag/CNSs nanocomposites. 
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Fig. 2 shows the FTIR spectrum of the as-obtained carbon 

nanosheets. The strong O–H stretching band at 3435 cm−1
, the 

O–H bending vibration at 1625 cm−1
 as well as the C–O 

stretching bands at 1048 cm−1
, all of which are characteristic of 

hydroxyl groups. 13 Taking the hydroxyl groups of the C–900 

without acidic treatment into account, we can conclude that 

the rich hydroxyl groups in the carbon nanosheets obtained 

below 900°C are derived from the functional groups of 

salicylate anions rather than acidic oxidation.14  

Encouraged by the high surface area, large pore volume, 

highly graphitic degree, and rich hydroxyl groups of the 

graphitic carbon nanostructures, we investigated whether the 

obtained NCNSs can be utilized as support to prepare highly 

dispersed Ag NPs. The XRD pattern (Fig. S7)of the as-prepared 

products show that all peaks can be indexed fo fcc Ag, 

indicating that the Ag
+
 ions have been in situ reduced without 

any external reducing agent.15 A comparative study of the 

functional groups before and after reaction with AgNO3 was 

performed using the FTIR spectrum and XPS (Fig. S9). The FTIR 

spectrum of the obtained Ag/CNSs is almost the same as that 

of CNSs (Fig. 2).  However, there is a absorption peak located 

at 1723 cm−1
, which is assigned to the carbonyl groups(C=O), 

indicating that hydroxyl groups in the CNSs can reduce Ag
+
 to 

form Ag NPs and convert into carbonyl groups after 

reaction.16 Well-defined peaks are observed at 368.2 and 

374.3 eV for Ag 3d5/2 and Ag 3d5/2(Fig. S9a), corresponding to 

metallic Ag
0
.17 The intensity of the hydroxyl group binding 

energy decreased and the intensity of the carbonyl group 

binding energy increased after reaction(Fig. S9b-c), which is in 

agreement with FTIR characterization and other reports.16b It 

is worth noting that the binding energy of elemental O in the 

1s region was higher than that of pure O, which should be 

ascribed to the electron transfer from O to Ag, indicative of the 

strong O– Ag interaction. These results reflect that hydroxyl 

groups were involved in the reduction of Ag
+
 to form Ag

0
 and 

the hydroxyl groups transformed into the carbonyl groups or 

carboxyl groups finally. Meanwhile, strong O–Ag interaction 

was formed, which is very important for preventing the 

aggregation of the Ag NPs and making the Ag NPs hard to 

detach from the carbon support (improving the stability). 

Furthermore, in the Raman spectroscopy, the intensity of the 

D-band and G-band for CNSs has been enhanced significantly 

after loading of Ag NPs (Fig. S6e), which arises from the 

increased Raman scattering cross sections of high–density 

metallic nanogaps.7e 

Transmission electron microscopy (TEM) and scanning 

transmission electron microscopic (STEM) imaging have been 

used to characterize the dispersion and size of the as-

synthesized Ag NPs.  Except for a small percentage of Ag NPs 

(10 nm) on the surface of the CNSs, the vast majority of Ag NPs 

are uniformly embedded inside the CNSs matrix even if the Ag 

content is up to ∼49.4 wt % ( Fig. S10), indicating an excellent 

confinement that can avoid sintering. This could be more 

clearly observed in the STEM image. The EDX mappings of Ag, 

C, and O elements were almost overlapped, and the NPs 

uniformly distributed in the whole nanosheets are 

demonstrated to be mainly Ag NPs. Most of the Ag NPs are 

with a size of 2 nm. In the formation process, the CNSs served 

 

Fig. 3 (a-b) TEM images, (c-d) High-angle annular dark-field (HAADF)-STEM image, 
and Ag, C, and O mappings (e–g) of the Ag/CNSs nanocomposites. 

not only as supports for Ag loading but also as reducing agents 

for reducing of Ag
+
 to form Ag NPs because of the rich hydroxyl 

group in the CNSs possess remarkable reducing ability for in 

situ loading with noble metal NPs. Furthermore, it is believed 

that hydroxyl group with reducibility are uniformly distributed 

both on the surface and inside the CNSs matrix.18 Due to the 

large surface area and noaoporous structure, the Ag+ ions 

could diffuse into the interior of carbon nanosheets freely and 

then were reduced to Ag NPs, which were stabilized by the 

surrounding carbon matrix. 

 

Fig. 4s (a) UV-vis spectra of 4−NP before and after adding NaBH4 solution, (b) the 
reduction of 4−NP in aqueous solution using Ag/ CNSs, (c) the relationship 
between ln (Ct/ C0) and reaction time, and  (d) Conversion of 4-NP  in seven 
successive cycles of reduction 

The catalytic properties of the Ag/CNSs nanocomposites 

were evaluated by the reduction of 4−nitrophenol (4-NP) to 4- 

aminophenol (4-AP) with excess of NaBH4 as a model system, 

which is one of the typical model reaction for investigating the 

catalytic activity of metal nanoparticles. The catalytic process 
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of their reaction was monitored by UV-vis spectroscopy, as 

shown in Fig. 4, it is seen that an absorption peak of 4-NP 

undergoes a red shift from 317 to 400 nm immediately due to 

the addition of aqueous solution of NaBH4, corresponding to a 

significant change in solution color from light yellow to deep 

yellow due to formation of 4−nitrophenolate ions in alkaline 

solution. The reaction does not proceed for a couple of days 

even with a large excess of NaBH4 in the absence of the 

catalyst. When a trace amount of catalysts were added into 

the system, the absorption peak of 4−NP at 400 nm gradually 

decreases with the increase of reaction time. Meanwhile, new 

peak of 4-AP at 300 nm appear with their intensity increasing 

with time, indicating the conversion of 4-NP to 4-AP. 

In the reduction process, as excess NaBH4 was used, the 

BH4
− concentration can be considered as a constant 

throughout the reaction. The ratio of Ct and C0, where Ct and 

C0 are 4-NP concentrations at time t and 0, respectively, was 

measured from the relative intensity of the respective 

absorbances, At/A0. The rate constant k can be determined 

from the linear plot of ln (Ct/ C0) versus reduction time was in 

seconds. As expected, a good linear correlation of ln (Ct/ C0) 

versus time was obtained (Fig. S5), whereby a kinetic reaction 

rate constant K over the weight of catalyst is estimated to be 

33.82 s
-1 

g
-1

, which is larger than the previously reported 

carbon-based metal NPs cartalysts.7d, 19 As shown in Fig. 4d, 

Ag/CNSs can be succerssfully recycled and reused in 7 

sucessive reactions with a conversion of 87%, further 

suggesting an excellent stability and long life. This assumption 

is strongly supported by the TEM and STEM images after 7 

successive recycling reductions of 4-NP (Fig. S11). 

   In summary, nanoporous carbon nanosheets have been 

synthesized by solid-state pyrolysis of simple layered zinc 

hydroxides nanosheets intercalated with salicylate anions. At 

the carbonization temperature of 700°C, the highest surface 

area (2402 m
2
·g−

1
) and the largest pore volume (2.75 cm

3
·g−

1
) 

of CNSs can be achieved. The CNSs are excellent supports for 

Ag NPs due to their hierarchical structure, high surface area, 

and abundant hydroxyl groups. The resulting Ag/CNSs with 

well-dispersed Ag NPs embedded in the CNSs matrix show 

excellent catalytic activity toward the reduction of 4-

nitrophenol (4-NP) by NaBH4. This procedure is simple, 

economical and readily amenable to scale-up and therefore 

has great potential for commercial applications.  
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 Hydroxyl-rich nanoporous carbon nanosheets 
synthesized by a one-pot method and their 

application in the in−−−−situ preparation of 

well-dispersed Ag nanoparticles 
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Functional nanoporous carbon nanosheets (CNSs) with 

high surface area have been synthesized by pyrolysis of 

simple organic-inorganic layered zinc hydroxides 

nanosheets. The synthesized CNSs with abundant 

hydroxyl groups display remarkable reactivity and the 

capability for in situ loading with ultrafine Ag NPs, 

which show excellent catalytic activity toward the 

reduction of 4-nitrophenol (4-NP) by NaBH4. 
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