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Abstract 

Amphiphilic fullerene-end-capped poly(ethylene glycol) (C60-PEG) is synthesized to 

modify uniform ZnO arrayed nanorods (ANs) grown in situ on the surface of 

poly(N-vinyl pyrrolidone) decorated reduced graphene oxide (RGO). The two 

dimensional (2D) graphene provides a stable and conductive flat substrate for one 

dimensional (1D) arrayed nanorods with reduced defects. The addition of amphiphilic 

C60-PEG can improve the compatibility of cathode buffer layer and the active layer. 

Meanwhile, C60-PEG produces a modified efficacy on the arrayed nanorods with 

reduced defects and decreased work function. Compared to the bare ZnO ANs, 

C60-PEG modified ZnO ANs@RGO cathode buffer layer can reduce the 

recombination of carriers, increase the electron mobility and enhance electron 

extraction. As a result, the efficiency of the inverted polymer solar cells based on 

thieno[3,4-b]-thiophene/benzodithiophene (PTB7)[6,6]׃-phenyl-C71-butyric acid 

methyl ester (PC71BM) is improved to 8.1% with better long-term stability. 

Keywords: Nanoarrays; Polymer solar cells; Zinc oxide; Graphene; Fullerenes 
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Introduction 

Over the past few decades, polymer solar cells (PSCs) have drawn extensive research, 

owing to their potential for large area roll-to-roll manufacturing.
1, 2

 Due to the 

hygroscopicity and acidity of 

poly(3,4-ethylenedioxythiophene):poly-(styrenesulfonate) (PEDOT:PSS) and the air 

sensitive Al cathode, the conventional PSCs behave a bad stability in air.
3-5

 Therefore, 

the inverted PSCs is employed to solve above problems by adopting high work 

function metal (Au, Ag) as anode and inorganic nano-materials with high carrier 

mobility as buffer layer.
4, 6, 7

 

The one dimensional (1D) nanostructure can promote the electron transport by 

providing a direct path rather than zigzag pathway compared to the zero dimensional 

(0D) nanostructure.
8-10

 The electron mobility and the life-time of electron are proved 

to be increased in the 1D nanostructure.
8, 11

 Besides, the arrayed nanorods also can be 

applied as the optical spacer to enhance the light harvesting efficiency.
12-15

 Notably, 

zinc oxide (ZnO) is used extensively in PSCs.
16, 17

 The vertically aligned ZnO arrayed 

nanorods have been widely employed as photo-anode, electron acceptor or buffer 

layer with excellent properties.
18-21

 ZnO arrayed nanorods could be synthesized by 

hydrothermal reaction at a low temperature over a large area.
22

 

Recently, graphene has been a focus for study because of its unique chemical and 

physic properties.
23-25

 It provides a building block for the preparation of various 

functional composite materials. Many 2D graphene/1D nano-materials composites 

have been reported.
20, 26-29

 Unfortunately, the strong π-stacking interactions between 

graphene sheets make it difficult to disperse pristine graphene in the solution, which 

limits its application in the optoelectronic devices. Graphene oxide (GO) is often used 

to replace the graphene sheets due to its good dispersion in solution. However, 

compared to graphene, GO has a poor conductivity with an abundance of oxygen 

functional groups. In order to take advantage of the conductivity, GO is usually 

reduced to RGO. However, a high temperature is necessary for the reduction reaction, 

which is also the requirement for the growth of nano-materials. Besides, when the 

composites are employed in the PSCs, the compatibility between organic polymer and 
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inorganic nano-materials should not be ignored. The inorganic buffer layer has a poor 

interfacial contact with the organic active layer, which lead to a bad electron 

extraction.
30

 Therefore, the modification of the interface plays a critical role in the 

improvement of electron extraction. 

Herein, a novel ZnO/graphene nanocomposite is developed as a cathode buffer layer 

to improve the performance of polymer solar cells. As we reported before,
31

 ZnO 

nanoparticles (ZnO NPs) could grow homogenously in situ on the surface of 

poly(N-vinyl pyrrolidone) (PVP) decorated RGO nanosheets with less defects and 

traps. In this work, with the ZnO NPs as seed, uniform and vertical ZnO arrayed 

nanorods (ZnO ANs) are developed on the surface of PVP decorated RGO by 

hydrothermal method at a relatively low temperature. Compared to the pristine ZnO 

ANs, ZnO ANs@RGO can effectively block charge combination and enhance the 

electron mobility. More importantly, amphiphilic fullerene-end-capped poly(ethylene 

glycol) (C60-PEG) is synthesized to further modify the ZnO ANs@RGO, aiming to 

improve the compatibility between inorganic ZnO ANs@RGO and organic active 

layer. The C60-PEG also performs an effect of n-doping on the ZnO ANs@RGO. As 

a result, C60-PEG/ZnO ANs@RGO substantially reduces the recombination of 

carriers, increases the electrical conductivity and enhances electron extraction. 

Incorporation of the C60-PEG modified ZnO ANs@RGO as cathode buffer layer, the 

performance of the inverted PSCs with thieno[3,4-b]-thiophene/benzodithiophene 

(PTB7)[6,6]׃-phenyl-C71-butyric acid methyl ester (PC71BM) reaches to 8.1%, which 

is higher than the corresponding devices with pristine ZnO ANs of 6.9%. 

Results and Discussion 

The chemical structures of the materials employed for device fabrication, and the 

inverted device architecture with the schematic diagram of cathode buffer layer are 

present in Figure 1. GO was synthesized with a modified Hummers’ method from 

graphite powder.
32

 PVP decorated RGO was obtained by reducing GO with hydrazine 

and ammonia in the presence of PVP according to the literature.
33

 The ZnO in situ 

grew on the surface of the PVP decorated RGO as the seed of the ZnO ANs, and the 

synthetic details are included in the experimental section. The effect of length of 
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 5

nanorods has been reported by our group
34

 and the optical length is chose in this 

experiment. C60-PEG was spin coated on the ZnO ANs or ZnO ANs@RGO 

(C60-PEG/ZnO ANs or C60-PEG/ZnO ANs@RGO). C60-PEG was synthesized by 

the Steglich esterification according to the literature
35

 and the synthetic details are 

described in the experimental section. The chemical structure of C60-PEG was 

identified by 
1
HNMR (Figure S1) and Fourier transform infrared (FT·IR) 

spectroscopy (Figure S2). The electrochemical property of C60-PEG was measured 

by cyclic voltammetry (Figure S3). C60-PEG is very stable in air and soluble in 

alcohols and organic solvents. In order to investigate whether the C60-PEG pile up on 

the top of the ZnO ANS or permeate into the space of the ZnO ANs, oxygen plasma 

treatment is used. C60-PEG/ZnO ANs@RGO with plasma represents that the 

C60-PEG modified ZnO ANs@RGO are treated by oxygen plasma processing of 10 

min. 

 

------Figure 1------ 

 

Atomic force microscopy (AFM) analysis was carried out to investigate the 

morphology of the samples. AFM height images of samples are shown in Figure 2 

(a-e). Compared with the pristine ZnO ANs growing on ITO glass (Figure 2a), the 

ZnO ANs@RGO exhibits a smoother surface with root-mean-square (RMS) 

roughness value of 11.08 nm (Figure 2c). The smoother film containing uniform ZnO 

ANs@RGO is attributed to the uniform ZnO seeds in situ growing on PVP decorated 

RGO, which was proved in our previous work.
31

 When C60-PEG is introduced, the 

pristine ZnO ANs modified by C60-PEG processes the roughest surface owning to the 

accumulated C60-PEG on top of ZnO ANs (Figure 2b). However, the C60-PEG 

modified ZnO ANs@RGO film presents a different morphology with smoother 

surface (Figure 2d). We suppose a strong π-π interaction between graphene and 

C60-PEG drives the C60-PEG to permeate into the space of the ZnO ANs, and the 

hydrophilic side chain further facilitate the movement of the C60-PEG. The oxygen 

plasma treatment leads to a rougher C60-PEG/ZnO ANs@RGO film (Figure 2e), 
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which is attributed to the oxygenolysis of outside C60-PEG. In addition, due to the 

hydrophilia of C60-PEG, the wettability of the modified arrayed nanorods increases, 

as depicted in Figure S4. The contact angles of modified ZnO ANs and modified ZnO 

ANs@RGO are different, qualitatively proving that C60-PEG exists in the two 

samples in different forms, on the top and percolate down. 

In order to get a further insight into the ZnO ANs on the RGO and the modification of 

C60-PEG, transmission electron microscopy (TEM) measurement was employed. As 

shown in Figure 3a, due to the lack of a holder for in situ growth, the pristine ZnO 

ANs are disordered. For ZnO ANs@RGO (Figure 3b), the ZnO ANs grew on the 

surface of the PVP decorated RGO (pointed by arrows). The selected area electron 

diffraction (SAED) pattern (inset in Figure 3b) implies that these ZnO ANs are 

ordered. Moreover, the well-defined diffraction ring of with six light spots suggests 

that thin, flat graphene in ZnO ANs@RGO composite. In order to further reveal the 

detailed structure of ZnO ANs@RGO, the HRTEM images of ZnO ANs@RGO are 

shown in Figure 3c (a side elevation) and Figure 3d (a top view). The lattice spacing 

of 0.52 nm and 0.26 nm is associated with the (0001) and (0002) latticeplanes of ZnO, 

respectively.
36

 Meanwhile, the SAED pattern (inset in Figure 3c) confirms that the 

arrayed nanorods are single crystalline and had a wurtzite-like structure. 

Monocrystalline and ordered ZnO arrayed nanorods could provide a direct and fast 

path for electron transfer, and decrease the charge recombination in the interfacial 

layer at the same time. The TEM images of C60-PEG modified ZnO ANs@RGO with 

different scales are also collected (Figure 3e-h). Compared with the ZnO ANs@RGO 

without C60-PEG (the inset of Figure 3f), C60-PEG modified ZnO ANs@RGO 

(Figure 3e and f) reveals a rough surface with black dots on the surface. The top view 

of C60-PEG/ZnO ANs@RGO (Figure 3g) shows a regular hexagon covered by 

something, which implies that the C60-PEG anchors on the surface of the nanorods. 

Besides, the HRTEM image of C60-PEG/ZnO ANs@RGO (Figure 3h) is consistent 

with that phenomenon. Meanwhile, in order to certify the superiority of ZnO 

ANs@RGO prepared by in situ growth, the ZnO nanorods are physically blend with 

PVP decorated RGO as a contrast experiment. As present in Figure S5a, the pristine 
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ZnO nanorods scatter in disorder. Similarly, ZnO nanorods lied intricately, not 

vertically growing on the surface of PVP decorated RGO (Figure S5b). For the 

modified samples, it is not obviously to observe that the C60-PEG is on the nanorods 

(Figure S5c and d). 

To verify whether C60-PEG could improve the compatibility between inorganic ZnO 

ANs@RGO and organic active layer, the scanning electron microscopy (SEM) was 

conducted. Although the surface and cross section morphology of the pristine ZnO 

arrayed nanorods (Figure 4A, a) is similar to that of ZnO ANs@RGO (Figure 4C, c) 

with hexagon arrayed nanorods, they become quite different after modified by 

C60-PEG. In Figure 4B, the pristine ZnO arrayed nanorods retain the shape of regular 

hexagon after modified with C60-PEG. No significant change can be detected in the 

corresponding cross-sectional SEM image (Figure 4b). It implies that C60-PEG did 

not percolate down but state on the top of the arrayed nanorods. Nevertheless, the 

ZnO ANs@RGO changes from regular hexagon to cylinder after modified by 

C60-PEG (Figure 4D and d). It demonstrates that C60-PEG percolate down to the 

arrayed nanorods and anchor on the arrayed nanorods. The oxygen plasma treatment 

did not make a difference on the morphology of the C60-PEG/ZnO ANs@RGO 

(Figure 4E, e). Then, active layer was spin coated on the surface of arrayed nanorods 

to study the effect of C60-PEG. In order to compare the samples distinctly, the active 

layer is thinner than that in the device. As shown in the Figure 4F, the active layer 

coated on pristine ZnO ANs presents a film with some cracks and without any visible 

arrayed nanorods. Moreover, double-deck morphology can be observed obviously in 

the corresponding cross-sectional SEM image (Figure 4f). However, the arrayed 

nanorods can be detected under the film of active layer in the sample of 

C60-PEG/ZnO ANs@RGO with active layer (Figure 4G), and no double-deck 

structure are observed in the corresponding cross-sectional SEM image (Figure 4g). 

The SEM images of C60-PEG/ZnO ANs@RGO with oxygen plasma treatment 

(Figure 4H, h) present the similar morphology. This phenomenon provides the 

evidence that C60-PEG can improve the compatibility of inorganic ZnO ANs@RGO 

and organic active layer. Because of the amphipathicity property, the hydrophilic PEG 
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 8

side chains anchor on ZnO and the lipophilic C60 is compatible with active layer. 

Therefore, C60-PEG could make the PCBM rich near the arrayed nanorods, which 

can facilitate the separation of excition and the transport of carriers.
37

  

------Figure 2------ 

------Figure 3------ 

------Figure 4------ 

X-ray photoelectron spectroscopy (XPS) was applied to investigate the composition 

of all cathode buffer layer. As presented in Figure 5a, the binding energy of Zn 2p3/2 

peak for ZnO ANs@RGO is located at 1021.1 eV and that for pristine ZnO arrayed 

nanorods is at 1020.4 eV, which are assigned to the Zn-O bonds.
38

 The position of the 

Zn 2p3/2 peak for all the samples modified by C60-PEG shifts toward the higher 

binding energy in different degrees, which implies the electronic states changed as 

literature reported.
39, 40

 C60-PEG produces an effect of n-doping on the arrayed 

nanorods similar with the Al-doped ZnO.
39

 Figure 5b shows that the O 1s XPS 

spectra of pristine ZnO ANs and ZnO ANs@RGO are divided into two typical peaks. 

The peak at lower binding energy (~530.0 eV) is assigned to the Zn-O bonds.
41

 The 

other peak at higher binding energy (531.4 eV) corresponds to oxygen atoms from 

hydroxyl oxygen.
41, 42

 However, the O 1s XPS spectra of all the modified ZnO arrayed 

nanorods samples divide into two typical peaks at ~530.0 eV and ~532.3 eV. The peak 

at ~532.3 eV for carboxyl groups (COO-),
43

 which is attributed to C60-PEG. The 

intensity of the peak at 530.0 eV for C60-PEG modified ZnO ANs is weaker than that 

of other samples. It suggests that C60-PEG accumulates on the top of the pristine ZnO 

ANS and the peak of Zn-O has the weakest intensity. As shown in Figure 5c, C 1s 

XPS spectra of all samples exhibits two peaks at ~285 eV (C–OR, R= C2H5) and 

~288.5 eV (COOR), which is ascribed to the C atoms of carbonyl groups.
44

 The extra 

peak at ~286.2 eV of all the modified ZnO arrayed nanorods samples for O-C-O is 

attributed to aromatic carbons from C60-PEG.
44, 45

 The atomic concentrations of 

carbon, zinc and oxygen in all the samples based on the C 1s, Zn 2p and O 1s XPS 

spectra are summarized in Figure 5d. The atomic concentration of carbon from 

C60-PEG of C60-PEG/ZnO ANs@RGO is less than that in C60-PEG/ZnO ANs, 
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 9

which suggests that C60-PEG percolate down to the ZnO@RGO arrayed nanorods. In 

other word, more arrayed nanorods are supposed to be exposed on the surface of 

C60-PEG/ZnO ANs@RGO. Therefore, the atomic concentration of zinc in 

C60-PEG/ZnO ANs@RGO is more than that in C60-PEG/ZnO ANs. The oxygen 

plasma treatment leads the oxygenolysis of C60-PEG, which make the atomic 

concentrations of carbon decrease. Meanwhile, the oxygen plasma treatment drives 

the atomic concentrations of oxygen to increase. 

------Figure 5------ 

 

Since these arrayed nanorods provide the direct path for electron transport and have a 

high surface-to-volume ratio,
46

 the photoluminescence (PL) was adopt to research the 

effect of PVP decorated RGO and C60-PEG on the surface defects of ZnO arrayed 

nanorods. The PL spectra of all samples under photoexcitation at 325 nm are 

displayed in Figure 6. The narrow emission band at 378 nm is assigned to the usual 

band-edge emission in the UV. However, all the spectra reveal other two emission 

bands in blue and green region. The peak at ~468 nm in blue regions is caused by the 

transitions involving Zn interstitial defect states as reported.
47

 For the weak broad 

emission at ~525 nm in the green emission, various hypotheses have been proposed. 

For example, transition between singly ionized oxygen vacancies (Vo) and 

photoexcited holes, transition between electrons close to the conductive band and 

deeply trapped holes at Vo
++

, surface defects, etc.
47-50

 The two peaks about surface 

defects of pristine ZnO arrayed nanorods are stronger than those of other samples, and 

C60-PEG/ZnO ANs@RGO presents the weakest emission. It inferred that defects and 

traps of ZnO arrayed nanorods are passivated by PVP decorated RGO and C60-PEG, 

which would reduce the recombination of charge carriers. 

 

------Figure 6------ 

 

Ultraviolet photo-electron spectroscopy (UPS) was taken to verify whether the 

existence of PVP decorated RGO and C60-PEG could have an effect on the work 
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 10

function of the cathode buffer layer. As shown in Figure 7a, the left panel is Ecutoff 

gained from the high binding energy cutoff of a spectrum,
51, 52

 and the right panel 

provides HOMO

onsetE which is the onset relative to the Fermi level (EF) of Au (at 0 eV). 

The highest occupied molecular orbital (HOMO) level energies are determined 

according to the equation.
52

 

 

 

where hν is the incident photon energy of 21.2 eV. Herein, the HOMO is the equal of 

the valence band. Consequently, the valence band (VB) for ZnO ANs, C60-PEG/ZnO 

ANs, ZnO ANs@RGO, C60-PEG/ZnO ANs@RGO and C60-PEG/ZnO ANs@RGO 

treated by plasma are -7.66 eV, -7.46 eV, -7.54 eV, -7.35 eV and -7.45 eV, respectively. 

By using these VB values and the optical band gap obtained from the UV–vis 

absorption spectra
53

 (Figure 7b), the conduction band (CB) was calculated. The CB 

values for all the samples are summarized in Table 1. Figure 7c shows the 

corresponding energy level diagram of devices. The decreased work function could 

induce a better energy alignment in the device, consequently facilitating the charge 

extraction and collection. The better energy alignment could increase the built-in 

potential, which leads a higher Voc.
54-56

 

------Figure 7------ 

-------Table 1------- 

 

Not only a good energy alignment for better charge extraction is necessary, but also a 

fast and stable path for electron transport is important. The 

space-charge-limited-current (SCLC) was employed to research the electron 

transporting property of ZnO nanoparticles (as a reference), ZnO ANs, C60-PEG/ZnO 

ANs, ZnO ANs@RGO, and C60-PEG/ZnO ANs@RGO cathode buffer layer by using 

electron-only devices (inset of Figure 8). The fitted curves using the SCLC model of 

all the samples are present in Figure 8, and the corresponding electron mobility 

calculated by using the Mott–Gurney SCLC equation
57, 58

 are summarized in Table 2. 

)( cutoff

HOMO

onsetHOMO EEhE −−= υ
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Due to the 1D nanostructure of ZnO arrayed nanorods, the electron mobility of all the 

arrayed nanorods samples is higher than that of ZnO nanoparticles. Thanks to the high 

conductive graphene, the electron mobility of ZnO ANs@RGO is further enhanced. 

The C60-PEG modified samples reveal a higher value than the pristine sample, and 

C60-PEG/ZnO ANs@RGO presents the highest electron mobility of 9.56×10
-4

 cm
2
 

V
-1

 s
-1

. The electron transporting property of the ZnO nanorods/RGO prepared by 

physical blending was also measured. The fitted curves are displayed in Figure S6 

and the corresponding electron mobility is listed on Table S1. It found that the 

electron mobility of the blends is all lower than that of arrayed nanorods in situ 

growing on the graphene. It proves that the arrayed nanorods in situ growing on the 

graphene could produce a better path for electron transporting. 

------Figure 8------ 

------Table 2-------- 

In order to further verify the optical property of ZnO ANs, the reflectance 

measurement was carried out to evaluate the light-trapping within the device. As 

displayed in Figure 9, all the devices using ZnO ANs as cathode buffer layer show 

lower reflectivity than the reference device (ZnO nanoparticles as cathode buffer layer) 

in the visible region and the device with C60-PEG/ZnO ANs@RGO buffer layer 

exhibits the lowest light reflectivity. Simultaneously, all samples show similar spectra 

profiles with relative high optical transmittance (Figure S7). It is suitable for cathode 

buffer layers and beneficial to improve the light absorption. 

 

------Figure 9------ 

 

Finally, all the samples were employed as cathode buffer layer in the inverted device 

with the structure ITO/ cathode buffer layer/ PTB7׃PC71BM/ MoO3/ Ag. The current 

density−voltage (J-V) curves under illuminated are shown in Figure 10a, while the 

corresponding parameters of the devices are listed in Table 3. The detailed 

preparation process of the devices is described in the experimental section. Compared 

to the device with bare ZnO ANs cathode buffer layer, the device with ZnO 
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ANs@RGO buffer layer delivers an enhanced performance, as the PCE improving 

from 6.9% to 7.5%. It is attributed to the high conductive graphene and the uniform 

ZnO ANs with high electron mobility. Notably, the device with C60-PEG/ZnO 

ANs@RGO buffer layer exhibits the highest PCE of 8.1% with the highest parameters, 

a short circuit current density (Jsc) of 16.25 mA cm
-2

, an open circuit voltage (Voc) of 

0.737 V, a fill factor (FF) of 67.7%. The enhancement of Jsc and FF is attributed to a 

good compatibility of inorganic ZnO ANs@RGO and organic active layer after 

modified by C60-PEG. The IPCE spectra in Figure 10b are well in accordance with 

the Jsc values. As mentioned above, the improved Voc results from the better energy 

alignment. Figure 10c shows the dark curve of the inverted devices. It was found that 

the leakage current of the device with C60-PEG/ZnO ANs@RGO cathode buffer 

layer is considerably restrained, implying that the recombination of charge was 

decreased.
54, 59

 Furthermore, P3HT:PC61BM blend was employed as active layer to 

verify the validity of the buffer layer (Figure S8 and Table S2). Meanwhile, the 

devices with ZnO ANs@RGO and the C60-PEG modified ZnO ANs@RGO show a 

better stability than the devices with pristine ZnO (Figure S9). The long term stability 

could be attributed to the defects passivation of the ZnO by the addition of PVP 

decorated RGO and C60-PEG. 

------Figure 10------ 

------Table 3------ 

Conclusions 

In summary, ZnO ANs@RGO nanocomposites was prepared by in situ growing 

uniform and vertical ZnO arrayed nanorods on the surface of PVP decorated RGO. 

Amphiphilic C60-PEG was employed to further modify the ZnO ANs and improve 

the compatibility of cathode buffer layer and the active layer. Compared with the 

pristine ZnO ANs, the C60-PEG/ZnO ANs@RGO has higher electron mobility, less 

defects and decreased work function, which could increase the electron extraction, 

reduce the recombination of carriers. Consequently, incorporation of the C60-PEG 

modified ZnO ANs@RGO nanocomposite as cathode buffer layer can remarkably 

improve the performance of the inverted device. 
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Experimental Section 

Materials 

Natural graphite powder (325 mesh, Alfa-Aesar), poly(N-vinyl pyrrolidone) (PVP) 

(Mw=10000, Sigma-Aldrich), PEG (Mw=6000, Aladdin), poly(3-hexylthiophene) 

(P3HT, Mw = 60000-75000, Rieke Metals Inc), 

thieno[3,4-b]-thiophene/benzodithiophene (PTB7, 1-Materials), (6,6)-phenyl-C61 

butyric acid methyl ester (PC61BM 99.5%; Nano-C), triphenylphosphine (>99.0%; 

Aladdin), [6,6]-phenyl C71-butyric acid methyl ester (PC71BM, 99%, Nano-C) and 

diethyl azodicarboxylate (>97.0%; Aladdin) were used as received. In addition, 

potassium manganeseoxide (KMnO4), sulfuric acid (H2SO4), hydrogen peroxide 

(H2O2), hydrochloric acid (HCl) and sodium nitrate (NaNO3) were of analytical purity 

and used as received. 

Synthesis of PVP decorated graphene: GO was synthesized with a modified 

Hummers’ method from graphite powder.
32

 The PVP decorated RGO was produced 

according to the literature
33

 as following procedures. The 30 mg GO was dispersed in 

80 ml anhydrous N, N-dimethylformamide (DMF) with a continuous ultrasonication 

to form a homogeneous solution, followed by addition of 120 mg PVP with an extra 

ultrasonication. After vigorous stirring at 80 
o
C for 6 h, 10 µl of hydrazine (80% w/w) 

and 100 µl of ammonia solution (25% w/w) were added to the mixture followed by 

another stirring at 80 ºC for 2 h. The RGO remained well dispersed in DMF. Then, the 

result solution was centrifuged at 12000 r/min. The solid was washed several times 

with deionized water, then dried under vacuum for 48 h. 

Synthesis of C60-PEG: First, the [6,6]-phenyl-C61-butyric acid (PCBA) was obtained 

by the hydrolysis of PCBM according to the literature.
60

 Then, PCBA (0.1 g, 0.112 

mmol) and PEG (0.456 g, 0.076 mmol) were dissolved in the mixed solvent of 

1,2-dichlorobenzene and methylbenzene (V:V=1:1) followed by sonication for 1 h to 

dissolve PCBA completely. Triphenylphosphine (0.08 g, 0.290 mmol) and the diethyl 

azodicarboxylate (0.055 g, 0.290 mmol) were added dropwise to the solution. The 

reaction was held at room temperature for 2 days. After solvent removed, the products 

were purified by column chromatography with ethyl acetate and methyl alcohol. 
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Preparation of the ZnO seed@RGO: The ZnO was synthesized following the 

process reported by Heeger et al.
4
 The general procedure for the preparation of ZnO 

as follows. The ZnO precursor was prepared by dissolving zinc acetate dihydrate 

(Zn(CH3COO)2·2H2O, Aldrich, 99.9%, 1 g) and ethanolamine (NH3CH2CH2OH, 

Aldrich, 99.5%, 0.28 g) in 2-methoxyethanol (CH3OCH2CH2OH, Aldrich, 99.8%, 10 

mL) under vigorous stirring for 12 h for the hydrolysis reaction in air. 0.7 % wt PVP 

decorated RGO was added to the ZnO precursor solution to obtain ZnO@RGO 

precursor. Then, the ZnO@RGO precursor was coat on the ITO substrate and 

annealed in air for 1 h at 200 °C to get the ZnO seed@RGO. 

In situ growth of ZnO arrayed nanorods: Then the pristine ZnO seed and ZnO 

seed@RGO were immersed in zinc acetate and hexamethylenetetramine blended 

solution at 90 ºC for 20 min by the hydrothermal method. The growth solution 

consisted of 50 mM (25 mL) zinc acetate and 50 mM hexamethylenetetramine (25 

mL) in deionized water. The as-grown ZnO ANs were thoroughly washed with 

deionized water, then annealed at 200 ºC for 1 h in air. 

Fabrication of inverted polymer solar cells 

ITO-coated glass substrates (35 Ω·cm
-2

) were cleaned with alcohol, detergent, 

deionized water and isopropyl, and dried by nitrogen flow followed by plasma 

treatment for 15 minutes. All cathode buffer layers were in situ growing on the 

ITO-coated glass substrates. The blended solution P3HT׃PC61BM (11׃ w/w, 

1,2-dichlorobenzene, 60 °C) or PTB7׃PC71BM (11.5׃ w/w, 

chlorobenzene/1,8-diiodooctane (97:3 v/v), 70 °C) was stirred in glovebox overnight, 

which was spin coated on top of the cathode buffer layer as active layer. Finally, 

anode buffer layer MoO3 (7 nm) and anode Ag (90 nm) was deposited on the top of 

the active layer by thermal evaporation in a high vacuum (< 10
-7

 Torr). 

Current-voltage (J-V) characteristics were tested using Keithley 2400 Source Meter in 

the dark and under simulated AM 1.5 G (100 mW·cm
-2

) irradiation (Abet Solar 

Simulator Sun2000). Incident photon-to-current efficiency (IPCE) were measured 

under monochromatic illumination (Oriel Cornerstone 260 1/4 m monochromator 

equipped with Oriel 70613NS QTH lamp), while the calibration of the incident light 
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was performed with a monocrystalline silicon diode. 

Characterizations 

Ultraviolet–visible (UV–vis) absorption spectra and diffuse reflectance spectra were 

carried out by PerkinElmer Lambda 750 spectrophotometer. Hitachi F-7000 

spectrofluorophotometer was applied for the measurements of photoluminescence 

(PL). The infrared (IR) spectra were characterized on a Shimadzu IR-Prestige-21 

fourier transform infrared (FT·IR) spectrophotometer. The morphologies were 

measured by an atomic force microscopy (AFM, Digital Instrument Nanoscope 31), a 

transmission electron microscopy (TEM; JEOL JEM-2100F), and a scanning electron 

microscopy (SEM, FEI Quanta 200F). Ultraviolet photo-electron spectroscopy (UPS) 

and X-ray photoelectron spectroscopy (XPS) measurements were carried out by 

AXIS-ULTRA DLD spectrometer (Kratos Analytical Ltd.) using He (I) (21.2 eV) as 

monochromatic light source. The thickness of all the layers was measured by surface 

profilometry (Alpha-Step-IQ). Water contact angle measurements for all samples were 

taken on JC2000A contact angle instrument. 

 

Supporting Information 

The detailed experimental sections and the other characterization of devices are 

available. This information is available free of charge via the Internet at 

http://pubs.rsc.org. 
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Figure 1. (a) Chemical structures of the materials used for device fabrication. (b) The 

structure of device and the schematic diagram of cathode buffer layer. 
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Figure 2. AFM height images (3µm×3µm) of (a) ZnO ANs, (b) C60-PEG/ZnO ANs, 

(c) ZnO ANs@RGO, (d) C60-PEG/ZnO ANs@RGO and (e) C60-PEG/ZnO 

ANs@RGO treated by plasma. 
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Figure 3. (a) TEM image of ZnO ANs and the inset is the SAED pattern of ZnO ANs. 

(b) TEM image of ZnO ANs@RGO and the inset is the SAED pattern of ZnO ANs in 

situ growing on graphene sheet. (c) and (d) HRTEM images of ZnO ANs@RGO and 

the inset in (c) is the SAED pattern of ZnO ANs. (e), (f) TEM micrograph of ZnO 

ANs@RGO modified by C60-PEG. The inset of (f) is the TEM image of ZnO 

ANs@RGO without C60-PEG. (g) TEM image and (h) HRTEM image of hexagonal 

ZnO ANs@RGO modified by C60-PEG. 
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Figure 4. SEM top view and cross-section images of (A) ZnO ANs, (B) ZnO ANs 

modified by C60-PEG, (C) ZnO ANs@RGO, (D) ZnO ANs@RGO modified by 

C60-PEG, (E) ZnO ANs@RGO modified by C60-PEG and treated by plasma, (F) 

Active layer on C60-PEG/ZnO ANs, (G) Active layer on the top of C60-PEG/ZnO 

ANs@RGO, (H) Active layer on the top of C60-PEG/ZnO ANs@RGO treated by 

plasma. The image on the right of each SEM image is the corresponding 

cross-sectional SEM image. 
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Figure 5. (a) Zn 2p, (b) O 1s and (c) C 1s XPS spectra of ZnO ANs, C60-PEG/ZnO 

ANs, ZnO ANs@RGO, C60-PEG/ZnO ANs@RGO and C60-PEG/ZnO ANs@RGO 

with plasma. (d) Atomic concentrations of carbon, zinc and oxygen based on the 

corresponding XPS spectra. 
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Figure 6. Normalized photoluminescence spectra of ZnO ANs, C60-PEG/ZnO ANs, 

ZnO ANs@RGO, C60-PEG/ZnO ANs@RGO and C60-PEG/ZnO ANs@RGO treated 

by plasma under photoexcitation at 325 nm. 
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Figure 7. (a) UPS spectra and (b) UV–vis absorbance spectra (the inset is plots of 

(αhv)
2
 versus energy) of ZnO ANs, C60-PEG/ZnO ANs, ZnO ANs@RGO, 

C60-PEG/ZnO ANs@RGO and C60-PEG/ZnO ANs@RGO treated by plasma; (c) the 

corresponding energy level diagram of the components of the devices. 
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Table 1. Energy levels of ZnO ANs, C60-PEG/ZnO ANs, ZnO ANs@RGO, 

C60-PEG/ZnO ANs@RGO and C60-PEG/ZnO ANs@RGO treated by plasma. 

Buffer layer Eg (UV-Vis) VB (UPS) CB (Eg) 

ZnO ANs 3.36 7.66 4.30 

C60-PEG/ZnO ANs 3.34 7.46 4.12 

ZnO ANs@RGO 3.30 7.54 4.24 

C60-PEG/ZnO ANs@RGO 3.29 7.35 4.06 

C60-PEG/ZnO ANs@RGO with 

plasma 
3.32 7.45 4.13 
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Figure 8. Log J vs. log V plots for Mott–Gurney SCLC fitting of the electron-only 

devices with a structure of ITO/cathode buffer layer/Al. Inset shows the configuration 

of the electron-only device. 
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Table 2. Electron mobility of devices with ITO/cathode buffer layer/Al structure by 

using (a) ZnO NPs, (b) ZnO ANs, (c) C60-PEG/ZnO ANs, (d) ZnO ANs@RGO, and 

(e) C60-PEG/ZnO ANs@RGO as cathode buffer layer. 

Devices a b c d e 

µe 

(cm
2
 V

−1
 s

−1
) 

2.37×10
-4

 3.63×10
-4

 4.46×10
-4

 7.32×10
-4

 9.56×10
-4
 

Page 30 of 35Journal of Materials Chemistry A

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
A

A
cc

ep
te

d
M

an
us

cr
ip

t



 31

 

300 400 500 600 700 800

0

1

2

3

4

 

 

R
ef

le
ct

a
n
ce

 (
%

)

Wavelength (nm)

 ZnO NPs (reference)

 ZnO ANs

 C60-PEG/ZnO ANs

 ZnO ANs@RGO

 C60-PEG/ZnO ANs@RGO

 C60-PEG/ZnO ANs@RGO

          with plasma

 

Figure 9. Diffuse reflectance spectra of the devices with ZnO NPs, ZnO ANs, 

C60-PEG/ZnO ANs, ZnO ANs@RGO, C60-PEG/ZnO ANs@RGO and 

C60-PEG/ZnO ANs @RGO treated by plasma as cathode buffer layer. 
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Figure 10. Performance of devices under simulated AM 1.5 G (100 mW·cm
-2

) 

illumination. (a) Illuminated J-V characteristics, (b) IPCE spectra and (c) J-V curve 

under dark of the devices ITO/cathode buffer layer/PTB7׃PC71BM/MoO3/Ag. 
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Table 3. Photovoltaic parameters of the devices with ITO/cathode buffer 

layer/PTB7׃PC71BM/MoO3/Ag structure. (a) ZnO ANs, (b) C60-PEG/ZnO ANs, (c) 

ZnO ANs@RGO, (d) C60-PEG/ZnO ANs@RGO and (e) C60-PEG/ZnO ANs@RGO 

treated by plasma as cathode buffer layer. 

Device 
Jsc 

[mA cm
-2

] 

Voc 

[V] 

FF 

[%] 

PCE 

[%] 

a 15.31 0.721 62.0 6.9 ± 0.2 

b 15.57 0.734 64.8 7.4± 0.2 

c 16.13 0.727 63.9 7.5± 0.1 

d 16.25 0.737 67.7 8.1± 0.1 

e 16.15 0.730 67.2 7.9± 0.1 
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Highlights 

Amphiphilic Fullerenes Modified 1D ZnO Arrayed Nanorods-2D Graphene 

Hybrids as Cathode Buffer Layers for Inverted Polymer Solar Cells 

Ting Hu, Lie Chen, Zhiqiang Deng, Yiwang Chen* 

 

Amphiphilic fullerenes modified ZnO arrayed nanorods@RGO cathode buffer layer 

was developed to improve the performance of polymer solar cells. 

Graphical abstract 

 

 

 

Page 35 of 35 Journal of Materials Chemistry A

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
A

A
cc

ep
te

d
M

an
us

cr
ip

t


