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Catalytic films comprising the arrayed mesoporous and big-

inner-diameter carbon nanotubes embedded with high 

density Au nanoparticles were prepared through a template-

directed carbonization route.  

Polydopamine (PDA) films has recently been used in template-

directed carbonization to produce hollow carbon spheres, triggering 

a great deal of interest in synthesizing nanocarbons with versatile 

morphologies.1 As carbon source, PDA is environmental-friendly, 

e.g., its polymerization does not require formaldehyde as cross-

linker. Moreover, the PDA films and the resultant carbon shells can 

exhibit micro-/mesoporous properties, allowing for facile diffusion 

of reagents in and out of the shells,2 which is very beneficial for 

applications, e.g. in catalysis. As a result, metal nanoparticles (NPs) 

have further been incorporated into these hollow nanocarbons, for 

instance, to form core-shell or yolk-shell structured composite 

nanoparticles.3 These composite nanoparticles can efficiently protect 

the embedded metal NPs from the notorious aggregation and 

leakage, providing an outstanding stability to the active catalyst NPs. 

However, they are usually recycled by tedious and time-consuming 

centrifugation/redispersion cycles, thus hampering the recovery and 

reusability of catalysts in liquid solutions.  

Compared with the solution-based catalysts, thin films embedded 

with metal NPs possess more favorable properties from a practical 

viewpoint.4 For instance, switching the reaction off or on by the 

catalytic thin films is technically easier to realize. Moreover, it is 

easier to separate the catalyst thin films from the reaction solutions, 

offering the feasibility and ease of multiple reuse. Therefore, there is 

keen interest in developing thin films, especially possessing three-

dimensional (3D) architecture, embedded with metal NPs for 

catalytic applications. So far, strategies have been developed to 

construct 3D architecture for preparation of catalytic thin films.4, 5 

Particularly, the arrayed nanotubes modified films have been used 

for metal NPs deposition for catalytic applications.6 However, the 

catalyst NPs were attached onto the outer surface of the sidewalls of 

the nanotubes,7 which often suffer from the NP leakage from the 

films, resulting in the low recyclability of the catalytic films. 

Alternatively, the insertion of NPs inside the nanotubes seems 

effective for solving the problem of the NP leakage,8 but technically 

challenging in selectively inserting the NPs inside the tubes attached 

on a substrate.9 Moreover, the conventional nanotubes, e.g., the 

carbon nanotubes (CNTs) prepared with chemical vapor deposition 

and arc discharge methods, have compact sidewalls. As a result, the 

reagents have to diffuse into the narrow tubes to have access to the 

embedded catalytic active sites, greatly limiting the catalytic 

performance of the NP-embedded nanotubes films.  

In the present study, we report a template-directed PDA 

carbonization method for large-area preparation of the AuNP-

embedded, mesoporous and big-inner-diameter carbon nanotube 

array films. This method is simple and facile, and takes full 

advantage of the merit of the template-directed carbonization route 

as well as the properties of the carbonized PDA. In this method, ZnO 

nanorods (NRs) array films were used both as the substrate for 

attaching AuNP and as the template for carbonization synthesis of 

the arrayed mesoporous, big-inner-diameter carbon nanotubes 

(pBIDI-CNTs). As schematically illustrated in Scheme 1, the high 

density AuNPs were deposited on the arrayed ZnO NRs substrate via 

a simple sputtering approach (step a). Then, the PDA thin films were 

used to coat these AuNPs-decorated ZnO NRs (step b), followed by 

template-directed carbonization of PDA (step c) and acid-induced 

etching of ZnO (step d). As a result, these NPs were collectively and 

selectively incorporated inside the formed pBIDI-CNTs, forming the 

arrayed tubular nanoreactors films.  

 
Scheme 1. Schematic illustration of selective attachment of AuNPs 

onto the inner surfaces of the arrayed pBIDI-CNTs: (a) sputtering 

deposition of AuNPs on the arrayed ZnO NRs; (b) PDA coating; (c) 

carbonization of PDA at 500 oC in N2 for 3 hs; (d) removal of ZnO 

NRs in 0.24 M HCl solution for 10 min. Inset shows the real pattern 

of the obtained AuNPs-embedded pBIDI-CNTs arrays.  
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Fig. 1 (a and b) Different magnification TEM images of the AuNPs 

deposited on the ZnO NRs; (c) side-view TEM image of the Au 

NPs-decorated ZnO NRs coated with PDA films.  

 

Sputter deposition method is simple and rapid, and the coverage 

of the attached NPs can be controlled just by using different 

sputtering time at a fixed current. After 10 s sputtering at 6 mA, a 

single layer of uniformly distributed AuNPs with about 3.6 nm in 

average diameter and 0.92 nm in standard deviation (σ) of the NP 

size distribution, measured over 200 particles, was seen on the 

surfaces of the ZnO NRs, as shown in Fig. 1 (a-b) and Fig. S1. The 

particle number density reached a level of ~ 5.9 × 1016 NPs ⋅ m-2. As 

revealed by Fig. 1b, the measured fringe spacing of the NPs was 

0.241 nm, which corresponds closely with the spacing between the 

(1 1 1) plane of fcc gold (0.235 nm) (JCPDS card No: 04-0784), and 

the fringe spacing of the NRs was 0.262 nm, corresponding closely 

with the spacing between the (0 0 2) plane of wurtzite ZnO (0.260 

nm) (JCPDS card No: 36-1451). The selected-area electron 

diffraction (SAED) pattern of the Au NPs-decorated ZnO NRs is 

shown in Fig. S2. As revealed, the AuNPs-decorated ZnO NRs 

presented the diffraction spots, indicating single-crystalline wurtzite 

structure of ZnO NRs, and the diffuse rings of AuNPs.   

The films changed their color from the opalescent to the brown 

after immersing in the dopamine solution (see Experimental Section, 

ESI), indicating the deposition of PDA films (Fig. S3). Moreover, 

after PDA coating, the sharp edges of the characteristic hexagonal 

morphology of ZnO NRs seemed almost indistinguishable (Fig. S4), 

and the fringe spacing of the NRs could not be clearly seen due to 

the presence of PDA films (Fig. 1c). The formed PDA thin layer on 

the AuNPs-decorated ZnO NRs had a mean thickness of ca. 6.5 nm, 

as shown in Fig. 1c. EDS analysis presented Zn, O, Au, and C peaks, 

attributing to ZnO, AuNPs, and PDA, respectively, as shown in Fig. 

S5. In addition, TEM analysis of a vertical nanorod, as shown in Fig. 

S6, revealed that the NRs remained the hexagonal morphology, 

indicating that the AP-assisted PDA deposition process had no 

discernible damage to ZnO NRs template.1d 

  After carbonization at 500 oC in N2 and etching in dilute acid, the 

large-area and arrayed AuNP-embedded pBIDI-CNTs-modified 

films were obtained (Fig. 2a). The obtained pBIDI-CNTs were 

hollow and not open ended, as revealed from the inset of Fig. 2a. 

They also replicated the hexagonal morphology of ZnO NRs (Fig. 

2b). The embedded AuNPs could be seen from Fig. 2b and Fig. S7. 

These observations indicate that the AuNPs sandwiched in the 

ZnO/AuNPs/PDA composites did not interfere with the template-

directed carbonization of PDA to produce the arrayed AuNP-

embedded pBIDI-CNTs.† Fig. 2c shows the side-view TEM image 

of the AuNPs-embedded pBIDI-CNTs. It can be seen that the carbon 

shell encapsulating the AuNPs had a thickness of ca. 5 nm, smaller 

than that of the PDA films, due to the shrinkage of PDA upon 

removal of the heteroatoms during the carbonization.10 Several 

groups characterized recently the carbonized PDA films, presenting 

the typical BET surface areas ranged from ca. 500 to 800 m2 g-1 with 

the pore size distribution centered at a value ranged from ca. 2 to 4 

nm.2a, 2b, 11 Therefore, the thin carbon shell formed here is considered 

to be favorable to mass transfer.1a,1d Zinc peak was not detected in 

EDS spectrum (Fig. S9) and XPS spectrum (Fig. S10). The pattern 

of the diffraction spots representing ZnO crystal also disappeared in 

the SAED pattern (Inset of Fig. 2c), indicating that hydrochloric acid 

was allowed to diffuse inside the tubes to dissolve ZnO, resulting in 

the formation of the hollow tubes.  

 
Fig. 2 Characterizations of the arrayed AuNPs-embedded pBIDI-

CNTs: (a and b) SEM images with different magnification; Inset of a 

and b: high magnification TEM image (scale bar: 50 and 10 nm, 

respectively); (c) High magnification TEM image; Inset: SAED 

pattern of fcc gold.  

 

Interestingly, even after undergoing a heat treatment, as shown in 

inset of Fig. 2b, the embedded AuNPs were still relatively uniformly 

distributed and had a high surface density to a level of ~ 9 × 1015 

NPs ⋅ m-2. More interestingly, as revealed in Fig. S11, the average 

size of the AuNPs was slightly increased to ~ 8.44 nm with σ of 2.99 

nm (measured over 350 particles), indicating that the embedded 

high-density AuNPs did not aggregate severely. It is in sharp 

contrast to the cases of the unprotected AuNPs, which aggregate 

severely if the temperature is increased to above 300 oC.12 For 

instance, Alexeyeva et al reported that the average size of the AuNPs 

synthesized by magnetron sputtering on the multi-walled CNTs was 

increased from ca. 11 nm to ca. 100 nm after thermal annealing at 

400 oC.13 Fullam et al reported that surfactant-capped gold NPs 

adsorbed on the CNTs also increased their average sizes from ca. 6 

nm to more than 30 nm after heating at 300 oC just for 2 min.10 

Moreover, in our experiment, the embedded AuNPs were very 

crowded (~ 9 × 1015 NPs ⋅ m-2), posing a great challenge to 

protection of them against sintering. Therefore, it is believed that the 

PDA-derived unique microstructures surrounding these high-density 

ultrafine AuNPs exert an important stabilizing effect. On the one 

hand, the high density AuNPs were sandwiched in the two-

dimensionally confined space formed by the ZnO phase and the 

carbonized PDA phase; on the other hand, as aforementioned, the 

obtained hollow pBIDI-CNTs could replicate perfectly the 

hexagonal morphology of ZnO NRs template, suggesting that PDA 

has the excellent ability of imprinting templates. Indeed, it has been 

known that polydopamine can function as a surface imprinted 

polymer to imprint many materials, e.g., organic small molecules14 

and  proteins15. Therefore, it is reasonable that the inner surface of 

the pBIDI-CNTs could possess the semispherical-like morphologies 

originated from the embedded AuNPs serving as the microtemplates 

during the PDA carbonization process (Fig. S12), and thus can grip 

the embedded AuNPs. Therefore, severe aggregation or sintering of 

the crowded NPs inside the tubes could be avoided.  
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Fig. 3 (a) Time-dependent UV-vis absorption spectra of the 4-NP 

reduced by NaBH4 catalyzed by the catalytic films. Inset: reaction 

scheme; (b) Schematic illustration of the NP-catalyzed reduction 

reaction; (c) Plot of ln(Ct/C0) as a function of time, in an experiment 

in which the same catalyst film was removed and reinserted; (d) The 

conversions of 4-NP in 11 successive cycles with the catalytic films. 

 

Catalytic activity of the obtained catalytic films was evaluated with 

4-nitrophenol (4-NP) reduction by NaBH4 to 4-aminophenol (4-AP) 

as a model. The reaction did not proceed without the catalyst.[1a] 

Upon immersing the catalytic films into the reaction mixture, the 

absorption at 400 nm quickly decreased, and absorption at 295 nm, 

ascribed to 4-AP,16 increased accordingly (Fig. 3a). Meanwhile, the 

color of the solution changed from originally bright yellow to 

colorless after 20 min (Fig. S13). These observations indicate the 

efficiently catalytic activity of the AuNPs confined in the tubular 

nanoreactors, as schematically illustrated in Fig. 3b. The conversion 

process can be directly read off these absorption curves as the ratio 

of the concentration Ct of the 4-NP at time t to its value C0 at t = 0 is 

directly given by the ratio of the respective absorbances At/A0. In the 

case of an excess of NaBH4, a pseudo-first-order rate kinetics with 

regard to the 4-NP concentration could be used to evaluate the 

catalytic rate of the catalytic films. As revealed from Fig. S14, a 

linear dependence of ln(Ct/C0) vs reaction time was obtained. The 

apparent kinetic rate constant kapp was proportional to the total 

surface S of the embedded multiple AuNPs: ��� ��⁄ � ��� � ��	��, 

where k1 was the rate constant normalized to S, the surface area of 

Au NPs normalized to the unit volume of the system. The kapp of this 

reaction could be directly calculated from the slope of this straight 

line to be 3.9×10-3 s-1, which was comparable to previous AuNPs-

based CNT membranes17a and AuNPs-based yolk-shell structured 

carbon spheres.17b,17c Switching the reaction off or on by the catalytic 

films was demonstrated in an experiment in which the catalyst film 

was removed and reinserted after a brief interval. As shown in Fig. 

3c, the reaction was switched off upon removing the catalyst film 

from the reaction solution and did not proceed; the reaction was 

switched on upon reinserting the catalyst film in the reaction solution 

and proceeded with the unchangeable apparent kinetic rate. Catalytic 

performance stability or reusability was examined by recycling uses 

of the same catalytic film. Between each cycle, the catalyst film was 

directly withdrawn from the reaction solution and rinsed with 

deionized water. As revealed from Fig. 3d, almost identical catalytic 

activities with conversion near 100% within 20 min of reaction time 

were measured in 11 successive cycles, indicating the excellent 

recyclability of the catalytic films. 

In conclusion, we have demonstrated for the first time fabrication 

of catalytic films comprising the catalyst-NP-embedded pBIDI-

CNTs arrays with AuNPs as a model. The obtained catalytic films 

exhibited good catalytic activity and offered the feasibility and ease 

of multiple reuse. Because of the outstanding adhesion property of 

PDA and its template-directed carbonization ability, it is expected to 

apply this approach to introduce other NPs, regardless of their sizes 

and chemical compositions, inside the arrayed pBIDI-CNTs to 

produce catalytic films for NP-catalyzed applications.  
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