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In this paper, the hexagonal Zn2GeO4 nanorods grown on the 

surface of carbon fibers (CFs) that pre-activated by sodium 

hypochlorite were prepared by a facile solvothermal method. 

The possible growth mechanism had been investigated by 10 

theoretical calculation and simulation experiment by growth 

of Zn2GeO4 on 2D flat surface of graphene. The (113) crystal 

facet of Zn2GeO4 nanorods attached to CFs surface was the 

most stable structure. Due to the synergistic effect between 

photocatalytic acivity of Zn2GeO4 and excellent adsorption 15 

capacity of CFs, the resultant Zn2GeO4/CFs composites 

exhibited excellent photocatalytic activity for oxidation of p-

toluidine. 

In the past decades, semiconductor photocatalysis has attracted 
considerable attention owing to their applications in 20 

environmental purification,[1] water splitting,[2] and conversion of 
solar energy into electrical energy,[3] etc. It is well known that 
when the surface of semiconductor absorbs photons and its 
energy is equal to or higher than that of the band gap. The low-
energy electron of valence band will be excited to conduction 25 

band, and electron-hole pairs will be produced on the surface of 
semiconductor. Photo-excited electron has a higher reducing 
power, and photo-excited hole has a higher oxidizing power. If 
these photo-excited electron-hole pairs do not recombine, they 
would have the reactions of reduction and oxidation, 30 

respectively.[4]  
The development of highly selective and environmentally 

benign chemical conversion processes to synthesize chemical 
specialties is an important subject in green chemistry. 
Unfortunately, the required selectivity often comes at the expense 35 

of specially designed metal catalysts or reagents which have 
adverse environmental effects.[5] One encouraging approach is to 
use nontoxic catalysts such as semiconductor photocatalysts in 
the presence of sunlight, which is a safe and sustainable energy 
source, as a driving force for the reaction.[6] For example, 40 

aromatic nitro-compounds can be reduced in the presence of 
sacrificial electron donors.[7] The selective photocatalytic 
oxidation of amines to imines using molecular oxygen as oxidant 
was reported over an amine-functionalized metal-organic-
framework photocatalyst.[8] Recently, the selective oxidation of 45 

alcohols was achieved under visible-light irradiation in a system 
containing dye-sensitized TiO2 and nitroxyl radicals (such as 

2,2,6,6-tetramethylpiperidinyloxyl, TEMPO).[9] p-Nitrotoluene 
belongs to the group of aromatic nitro compounds which have 
widely used in the dye pharmaceuticals pesticides and other 50 

organicsynthesis.[10] The photoinduced synthesis of p-
nitrotoluene should attract considerable interest in view of 
pursuing environmentally ‘benign’ or ‘green’ synthesis, since it 
consumes low-energy photons and occurs under atmospheric 
pressure and at room temperature. 55 

Zn2GeO4, as an important wide-band-gap semiconductor 
photocatalyst, has shown good activities for photocatalytic 
synthesis due to its optical and electrochemical properties.[11] 
Compared with the traditional photocatalysts, such as TiO2 or 
CdS, Zn2GeO4 has a low toxicity, low cost, high photocatalytic 60 

activity and photostability.[12] Despite these advantages, the 
practical applications of semiconductor photocatalysts need to 
deal with their aggregation and separation.[13] To solve these 
problems, an ideal way is to grow or immobilize these 
photocatalytic nanoparticles on certain substrates. Carbon fibers 65 

(CFs) were a new class of flexible materials with high 
mechanical strength, superior electroconductibility and excellent 
corrosion resistance. Meanwhile, they could supply a large 
surface area, which is critical for nanostructure-based 
photovoltaic technology.[14] Therefore, CFs have been widely 70 

investigated as substrates in field of nanometer materials. Herein, 
hexagonal Zn2GeO4 nanorods grown on the surface of activited 
CFs were prepared by a facile solvothermal method (see detail 
preparation section in ESI). The possible growth mechanism had 
been investigated by theoretical calculation and simulation 75 

experiment. The resultant Zn2GeO4/CFs composites exhibited 
excellent photocatalytic activity for oxidation of p-toluidine. 

Firstly, the morphologies of products were characterized by 
SEM analysis. The CFs substrates are uniformly and compactly 
covered by a large number of nanoparticles to form a rough 80 

surface, as shown in Fig. 1A, compared with the relatively 
smooth surface of pure CFs (Fig. 1B). From the SEM image of 
products (Fig. 1C), the rod-like nanoparticles grown radially on 
the surface of CFs is packed closely. Further magnification the 
SEM image of nanorods, the regular hexagonal prism geometric 85 

shape at the terminal of them can be observed (Fig. 1D). The side 
length of hexagonal is around 30~50 nm. For further analysis the 
nanorods structure, they can be broken away from CFs through 
ultrasonic treatment. The TEM image of nanorods is shown in 
Fig 1E. The length and diameter of nanorods are around 120 and 90 
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40 nm, respectively. The nanorods grow in the direction along the 
c-axis of the rhombohedral phenacite-type structure.[15] The 
selected area electron diffraction (SAED) image of nanorods 
shown in Fig 1F reveals the single-crystalline nature of 
hexagonal nanorods. It is interesting to note that the resultant 5 

composites based on nanorods self-assembled on the CFs 
substrate is flexible and soft, which would favor the separation, 
recovery and reuse of the catalysts. 

Fig. 1 SEM images of as-prepared Zn2GeO4/CFs with different magnification 10 

(A, C and D) and pristine CFs (B), TEM image of Zn2GeO4 nanorods that 
break away from CFs through ultrasonic treatment (E) and SAED image of 
Zn2GeO4 nanorods (F). 

 
The crystalline phase of as-synthesized products was further 15 

identified by X-ray diffraction (XRD) measurement. As shown in 
Fig. 2A, it can be found that the pristine CFs exhibit a broad peak 
located between 20° and 30° assigned as the d002 layers, 
representing the presence of integral graphite crystal structure.[14] 

The as-synthesized products exhibit the typical diffraction peaks 20 

of rhombohedral Zn2GeO4, whose lattice parameters are a = b = 
14.231, c = 9.53 Å (JCPDS 11-0687) except for the broad 
diffraction peak of pristine CFs. There is no trace of impurity 
phase under the instrument’s resolution. The EDS of the products 
further confirms the existence of C, Zn, Ge and O elements (Fig. 25 

2B). 

Fig. 2 XRD patterns of CFs and Zn2GeO4/CFs (A) and EDS spectrum of the 
as-prepared Zn2GeO4/CFs (B). 

 30 

As known to all, the formation of composites was 
considerably related to surface properties of basic materials.[16] 
For verification of the possible growth mechanism, the potential 
surface energy of contact surface of Zn2GeO4 and CFs were 

calculated by first-principles calculations by the generalized 35 

gradient approximation (GGA) (see Fig. S1 in ESI). It can be 
found that the (410), (300) and (113) have the higher surface 
energies compared with other crystal facets (see Fig. S2 and 
Table S1 in ESI). For further confirmation the preferential 
contact surface mentioned above, the interaction energies of CFs 40 

surface and Zn2GeO4 facets are estimated by constructed 3D 
periodic surface model of Zn2GeO4 and CFs. Generally, the 
interaction energy is estimated from the difference between the 
potential energy of the composites system, the potential energies 
for the crystal surfaces of Zn2GeO4 crystals and the 45 

corresponding graphene model.[17] The interactions of graphene 
and (113) facet of Zn2GeO4 is the strongest with an average 
interaction energy at -26.92 kcal/mol (see Fig. S3 and Table S1 in 
ESI). It indicates that the contact between Zn2GeO4 (113) facet 
and CFs surface is the most stable. The crystal surface with high 50 

surface free energy act as nucleation sites to induce selective 
growth along a preferential growth direction.[18] Therefore, we 
believe that it is the high surface energy at Zn2GeO4 nanorods 
centers, along with the high mobility of deposited Zn2GeO4 
species, that was responsible for the formation and growth of the 55 

rod-like structures onto surface of CFs reported in this work. To 
verify this hypothesis, the Zn2GeO4 nanorods grown on flat 
surfaces of 2D graphene were prepared under the same 
conditions to simulate preparation of Zn2GeO4/CFs. As shown in 
Fig. 3A, the large amount of Zn2GeO4 nanorods dispersed on the 60 

graphene can be observed. The heterojunction structure between 
Zn2GeO4 and graphene is shown in the HR-TEM image (Fig. 
3B). The well-defined lattice fringes with the lattice spacing of 
0.301 nm indexed to (113) plane of rhombohedral Zn2GeO4 can 
be founded at the interface of graphene and edge of Zn2GeO4. It 65 

suggests (113) crystal faces of Zn2GeO4 nanorods is referential 
contact surfaces for the deposition and growth. 

Fig. 3 TEM image of Zn2GeO4 nanorods dispersed on the graphene (A) and 
the d-spacing of (113) planes for Zn2GeO4 that attached onto the surface of 2D 70 

flat of graphene (B), the schematic representation for growth of Zn2GeO4 

nanorods onto surfaces of CFs (C) and the SEM images of Zn2GeO4/CFs 
composites from pretreatment CFs by 30% H2O2 (D) or 5M HNO3 (E). 

 
On the basis of above results and analysis, a reasonable 75 

mechanism for describing formation of Zn2GeO4/CFs composites 
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is proposed, as shown in Fig. 3C. After the oxidation treatment 
using sodium hypochlorite with medium oxidation ability, the 
surface of CFs will obtain many defects. As is well known, 
surface defects with high surface free energy act as nucleation 
sites to induce selective growth along a preferential growth 5 

direction.[18] Zn2GeO4 crystals will grow preferentially from these 
high-energy sites. To minimize their surface energy, the high-
energy (113) facets of Zn2GeO4 crystal will attach selectively to 
high-energy sites of the CFs, which forms the Zn2GeO4/CFs 
composites. For the comparison, lower (30% H2O2) or stronger 10 

(5M HNO3) oxidizing agent for pretreatment of CFs have been 
tested. As shown in Fig. 3D and 3E, due to the lower amount of 
surface defects on CFs surface, only small amount of Zn2GeO4 

nanoparticles are covered onto CFs using 30% H2O2 as oxidizing 
agent. In contrast, using 5M HNO3 for pretreatment of CFs, large 15 

amount of Zn2GeO4 nanoparticles covered on the surface of CFs 
can be observed. These Zn2GeO4 nanoparticles are uniformly and 
compactly grown to form an open porous and rough structure. 

Fig. 4 UV–Vis diffusion reflectance spectrum of Zn2GeO4/CFs (the inset 

shows the relationship between (ahv)2 and photon energy) (A), schematic 20 

illustration of photocatalytic oxidation mechanism of the p-toluidinne over 

Zn2GeO4/CFs composites under UV-light irradiation (B), HPLC of p-toluidine 

solutions after UV irradiation over Zn2GeO4/CFs composites (C), the mass 

spectrum of product with RRT at 1.59 min (D), the percent conversions (PC) 

for oxidation of p-toluidine over CFs, pure Zn2GeO4 and Zn2GeO4/CFs tested 25 

under the same conditions (E) and reusability of Zn2GeO4/CFs for oxidation of 

p-toluidine (F). 
 

The band gap of the as-prepared Zn2GeO4/CFs was 
determined to be ~4.6 eV on the basis of the UV−vis diffusion 30 

reflectance spectrum, as shown in the inset of Fig. 4A. The 
potential of edges of the valence band (EVB) and conduction band 
(ECB) for the Zn2GeO4 nanorods are estimated to be 3.8 and -0.7 
V (vs NHE) via the Mulliken electronegativity method, 
respectively.[19] The holes in the valence band (hvb

+) would 35 

oxidize water and/or part of p-toluidine in the water system. The 
excited electrons in the conduction band (ecb

-) are trapped by 
molecular oxygen (O2) to form superoxide ions (O2

•−). The ecb
- 

has enough potential to oxidiated p-toluidine (half-peak potential 
E1/2

red = +0.16 V vs SHE) (Fig. 4B).[20] The products during the 40 

photocatalytic oxidation were determined by Liquid 
Chromatography-Mass Spectrometry (LC-MS) analysis. As 
shown in Fig. 4C, the relative retention time (RRT) of 
chromatographic peak of normal p-toluidine is located at 2.6 min. 
After adding Zn2GeO4/CFs into reactive system, a new and 45 

intense chromatographic peaks located at 1.59 min can be 
observed after UV irradiation for 20 min. And the 
chromatographic peak (2.6 min) of p-toluidine is almost 
disappeared completely. It indicates p-toluidine has been 
transformed to p-nitrotoluene based on the Mass Spectrometry 50 

(MS) analysis (Fig. 4D). For analysis the synergistic effect on 
photocatalytic activity, the percent conversions (PC) for 
oxidation of p-toluidine over CFs, pure Zn2GeO4 and 
Zn2GeO4/CFs are tested under the same conditions. As shown in 
Fig. 4E, after UV irradiation for 20 min, the PC of p-toluidine is 55 

negligible over CFs which implies no photocatalytic ability for 
CFs. The PC is 83.28% for using Zn2GeO4 as catalyst. However, 
the PC can be further increased to 93.65% over Zn2GeO4/CFs. It 
indicates the presence of synergistic effect between Zn2GeO4 and 
CFs. The highest PC for Zn2GeO4/CFs can be attributed: i) the 60 

electron transfer between Zn2GeO4 and C will greatly retard the 
recombination of photo induced charge carriers and prolong 
electron lifetime.[21] As demonstrated by photocurrent 
photocurrent transient response and electronchemical impedance 
spectra (see Fig. S4 in ESI). The higher photocurrent and smaller 65 

arc radius of Zn2GeO4/CFs demonstrates its higher charge 
separation efficiency; ii) the CFs have an excellent adsorption 
capacity; iii) the dispersion of Zn2GeO4 nanorods grown on CFs 
are improved, leading to the more reaction sites. In order to test 
the re-use performances of composite photocatalysts, the recycle 70 

experiment on the photocatalytic oxidation of p-toluidine solution 
is carried out. As shown in Fig. 4F, the efficiency of 
photocatalytic oxidation is still maintained without significant 
decline even after the six cycles. The excellent reuse performance 
of the Zn2GeO4/CFs may be resulted from the good binding 75 

property between Zn2GeO4 nanorods and carbon nanofibers. 

Conclusions 

In this work, the hexagonal Zn2GeO4 nanorods grown on 
the surface of CFs were prepared by a facile solvothermal 
method. The possible growth mechanism had been investigated 80 

by theoretical calculation and simulation experiment. The (113) 
crystal facet of Zn2GeO4 crystal attached to CFs surface was the 
most stable structure. This hypothesis also has been verified by 
growth of Zn2GeO4 on 2D flat surface of graphene. Due to the 
synergistic effect between photocatalytic acivity of Zn2GeO4 and 85 

excellent adsorption capacity of CFs, the resultant Zn2GeO4/CFs 
composites exhibited excellent photocatalytic activity for 
oxidation of p-toluidine. We believe that this new assembly route 
in solution for nanostructured CFs at mild conditions will offer a 
new avenue to construct carbon-based catalytic materials for 90 

advanced applications in the fields of catalysis, energy, and 
environmental remediation. 
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