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摘 要：离子液体作为一种绿色溶剂，在溶解天然高分子方面表现出良好的溶解性能。以离子液体为溶剂

溶解羊毛角蛋白也受到了越来越多的关注。但是，具有不同阴、阳离子结构的离子液体对羊毛角蛋白溶解

能力不同，这一过程的机理研究仍是一个巨大的挑战。本研究设计合成了一系列1,5-二氮杂双环[4.3.0]-5-
壬烯类离子液体，将其应用于羊毛角蛋白的溶解，并对离子液体结构对羊毛角蛋白溶解性能的影响进行了

系统的研究，发现阴、阳离子通过影响离子液体的极性和氢键碱性来影响其对羊毛角蛋白的溶解能力。这

一发现对后续离子液体的设计和优化起到了重要作用。同时，通过对不同阴、阳离子的离子液体溶解羊毛

角蛋白溶解时间和再生角蛋白性能的综合分析，最终得到了溶解羊毛角蛋白的最佳离子液体[DBNE]DEP。
在393 K下，以[DBNE]DEP 作为溶剂溶解羊毛角蛋白需要3 h，从[DBNE]DEP/角蛋白溶液中再生出来的角

蛋白的相对结晶度、α-螺旋含量和热分解温度分别为60.99%, 57.88% 和521K，均高于其他再生角蛋白。二

硫键的断裂率低至53.46%。此外，[DBNE]DEP循环利用5次后溶解能力和结构都未发生变化，[DBNE]DEP/
角蛋白溶液在纺丝方面也展现出良好的应用前景。

关键词：离子液体；角蛋白；1,5-二氮杂双环[4.3.0]-5-壬烯；极性；氢键碱性
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Design of novel ionic liquids for wool keratin dissolution with

high capability

Xue Liu1, Yi Nie2,*, Zhenlei Zhang2, Xiangping Zhang2, Suojiang Zhang2,*

1College of Chemistry and Chemical Engineering, Qufu Normal University, Shandong, 273165, China;

2Key Laboratory of Green Process and Engineering, Institute of Process Engineering, Chinese Academy

Of Sciences, Beijing, 100190, China.

Abstract:. Ionic liquids as green solvents, have exhibited excellent solubility in the dissolution of biological
macromolecules. An increasing interest has been manifested in the use of ionic liquids (ILs) as solvents for
dissolution of wool keratin due to their tunable structures and excellent properties, while the mechanism that ILs
with different structures have disparate dissolution capabilities is still a challenge. In this study, a series of
DBN-based ionic liquids with different anions were designed and employed for the dissolution of wool keratin.
The effects of ILs structures on the dissolution capability were systematic studied, and the optimal IL with high
dissolution capability for goat wool was finally obtained by overall taking dissolution time and properties of
regenerated keratins into account. It was found that both cations and anions, act as the regulator of polarity (ENT)
and hydrogen-bond basicity (β) of ILs, have significant influence on the dissolution capability, which would play
an important role in the design and synthesis of new functional ILs for wool dissolution. Furthermore, the
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optimum IL [DBNE]DEP could show a dissolution time of 3 h at 393 K, and the relative crystallinity, content of
α-helix and decomposition temperature of regenerated keratin from [DBNE]DEP were higher (60.99%, 57.88%
and 521K respectively) than that from the other ILs. Meanwhile, the break ratio of the disulfide bond was reduced
to only 53.46% by experimental research. In addition, the [DBNE]DEP could be easily used at least 5 recycles
with stable structures and good dissolving ability, and the DEP IL/keratin solution has good prospects in terms of
spinning.
Key words: ionic liquids; keratin; DBN; polarity; hydrogen bond basicity

引言

随着全球能源资源紧缺，可持续发展的倡导越

来越紧迫，为了实现绿色化学的理念，天然高分子

作为一种可降解资源开始受到研究者的关注。其

中，角蛋白作为一种可降解的纤维蛋白大分子，因

其具有结缔和保护功能、资源丰富等特点而受到越

来越多关注。羊毛中角蛋白含量高达 95 %，因其柔

软而富有弹性，被广泛应用于纺织等领域。世界上

每年羊毛产量高达几百万吨。但是，由于废弃羊毛

造成的资源浪费和二次污染也引起了高度重视。因

此，对角蛋白溶解的研究以及再生利用的开拓，不

仅有着重要的环保意义，而且具有理论研究和实际

应用价值

α-螺旋结构 β-折叠结构

图 1 角蛋白的二级结构[1]

Fig 1 The secondary structures of keratin
角蛋白回收的前提是将角蛋白进行溶解。角蛋

白主要含有两种二级结构，α-螺旋和β-折叠结构如

图1。其分子间也存在多种作用力，非常复杂。因

此，角蛋白与纤维素相比更难溶解。一般溶解角蛋

白的溶剂都具有一定的酸、碱性[2-5]，这些传统溶剂

会破坏角蛋白大分子的结构，再生角蛋白分子量相

对较小，不利于角蛋白的再生应用；且此类溶剂不

可再生，对环境造成严重污染。因此，需要选择合

适的溶剂，不仅要保证角蛋白的大分子结构不被破

坏，而且需要对角蛋白的溶解度高且绿色环保。离

子液体（ILs）作为一种绿色、可设计的溶剂，在生

物大分子溶解方面表现出优良的性能[6-8]。

目前，已有一些关于离子液体溶解角蛋白的研

究报道 [9-12]，其中溶解效果好的离子液体主要是

[Bmim]Cl和[Amim]Cl[12-15]。但是，相对来说有关离

子液体溶解羊毛角蛋白这方面的报道依然比较少，

且存在一定的缺陷，例如溶解时间比较长、溶解度

低等；功能化离子液体设计也比较欠缺；角蛋白溶

解的机理尚不清楚。因此，本文设计合成了一系列

1,5-二氮杂双环[4.3.0]-5-壬烯类的离子液体，将其应

用于羊毛角蛋白的溶解，并对离子液体结构对羊毛

角蛋白溶解性能的影响进行了系统的研究，发现

阴、阳离子通过影响离子液体的极性和氢键碱性来

影响其对羊毛角蛋白的溶解能力。这一发现对后续

离子液体的设计和优化起到了重要作用。同时，通

过对不同阴、阳离子的离子液体溶解羊毛角蛋白溶

解时间和再生角蛋白性能的综合分析，最终得到了

溶解羊毛角蛋白的最佳离子液体[DBNE]DEP。此

外，[DBNE]DEP展现出良好的循环利用性能和纺丝

应用前景。

1 ILs结构对羊毛角蛋白溶解的影响

1.1 ILs的合成与表征

1.1.1 ILs的合成

采用一步合成法，以[DBNE]DEP为例，将 1,5-
二氮杂双环[4.3.0]-5-壬烯和磷酸三乙酯按 1：1.1摩
尔比混合加入到三口烧瓶中，在 140 °C下反应 12 h

http://www.baidu.com/link?url=u0L8Cx6rVbG-9W1ljQ91rEL74nYh2OtBZKgMQfRJQhVyAk-2jqUqHzdqWsL3AXOuUgbvjGmLljERz1-iiqjY0q
http://www.baidu.com/link?url=u0L8Cx6rVbG-9W1ljQ91rEL74nYh2OtBZKgMQfRJQhVyAk-2jqUqHzdqWsL3AXOuUgbvjGmLljERz1-iiqjY0q
http://www.baidu.com/link?url=u0L8Cx6rVbG-9W1ljQ91rEL74nYh2OtBZKgMQfRJQhVyAk-2jqUqHzdqWsL3AXOuUgbvjGmLljERz1-iiqjY0q


后冷却到室温，用乙醚洗涤并用分液漏斗进行分

离，重复操作几次后，将下层液相减压蒸馏 2 h 后

放入真空烘箱 48 h待用。其余离子液体均以相同的

方法和步骤合成。

1.1.2 ILs的表征

采用电喷雾质谱对干燥后的 ILs 进行结构表

征，并对其水含量进行测定，结果如下：

图 2 ILs 的结构

Fig 2 Chemical structures of ILs used in this study

表 1 ILs 电喷雾质谱和水含量分析

Tab. 1 Electronic spray mass spectrum analysis and water

content of IL

ILs cation(m/z) negion(m/z) water
content(ppm)

[DBNE]DEP 153.1391 153.0311 964

[Emim]DEP 111.0917 153.0311 1310
[DBNM]DMP 139.1213 124.9995 1805
[Emim]DMP 111.0901 124.9992 641
[DBNH]OAc 125.1078 / 1140

从表 1中可以看出成功合成了 DBN系列的

ILs，其水含量均达到 ppm级。

1.2 ILs结构对羊毛角蛋白溶解时间的影响

1.2.1羊毛角蛋白溶解过程研究

根据之前的有关报道，温度以及羊毛角蛋白与

ILs的比例对羊毛角蛋白的溶解具有重要影响。因

此，在本研究中我们选定羊毛角蛋白与 ILs的质量

比为 8 wt%，溶解温度为 120℃。以显微镜来观察

羊毛角蛋白的溶解过程。通过图 3，我们发现随着

溶解时间的增长，羊毛角蛋白由又厚又长变为又薄

又短，最后完全溶解。

图 3 羊毛角蛋白在[DBNE]DEP中的溶解 5 min（a）和 3 h

（b）

Fig. 3 Dissolution process of wool fiber in [DBNE]DEP after

5 min (a) and 3 h (b).

1.2.2 ILs结构对羊毛角蛋白溶解时间的影响

不同结构的 ILs 完全溶解 8 wt%的羊毛角蛋白

所需的时间不同。为了进一步对其中的机理进行研

究，我们对 ILs的氢键碱性和极性参数进行了测定。

结果如表 2 所示：不同阴离子 ILs中，[DBNE]DEP
和[DBNM]DMP 溶解等量羊毛角蛋白所需的时间

分别为 3 h和 3.5 h，[DBNE]DE所需溶解时间相对

较短，且其氢键碱性(β = 1.11)大于[DBNM]DMP 的

氢键碱性 (β = 1.02)。[Emim]DEP 与[Emim]DMP 相

比也具有相同的规律。然而，我们发现[DBNH]OAc
溶解等量羊毛角蛋白所需时间是所有离子液体中

最短的，其氢键碱性也是所有离子液体中最小的(β
= 0.99)，与之前的规律不符。但是，发现其极性参

数远远大于其他离子液体，从而致使其溶解时间最

短。

不 同 阳 离 子 的 ILs 中 ， [Emim]DEP 和

[DBNE]DEP溶解羊毛角蛋白的时间分别为 1.5 h和
3 h, 表明[Emim]DEP 对羊毛角蛋白具有更强的溶

解能力。而且，[Emim]DEP 的极性参数(ENT = 0.60)
远 大 于 [DBNE]DEP 。 同 时 ， [Emim]DMP 和

[DBNM]DMP具有相同的规律。综上，阴、阳离子

对于 ILs溶解羊毛角蛋白都具有重要的影响，它们

通过调节 ILs 的极性和氢键碱性来影响 ILs 溶解羊

毛角蛋白的时间。

表 2 不同离子液体的物性参数和溶解羊毛角蛋白的时间

Tab. 2 Physical Properties and Dissolution Times of ILs.



IL ET ENT β Time

(h)

[DBNH]OAc 52.41 0.67 0.99 0.33

[DBNE]DEP 45.78 0.47 1.11 3

[DBNM]DMP 46.25 0.48 1.02 3.5

[Emim]DEP 50.40 0.60 1.09 1.5

[Emim]DMP 50.89 0.62 1.01 2.5

2 ILs结构对再生角蛋白性质的影响

2.1 ILs结构对再生角蛋白结晶度的影响

角蛋白在溶解过程中其结构会有一定程度的

变化，本研究采用 XRD 手段对比羊毛角蛋白在不

同 ILs溶解过程中的结晶度变化。

图 4羊毛角蛋白（a）和[DBNE]DEP (b)、[Emim]DEP (c)

和[DBNH]OAc (d)再生角蛋白的 XRD

Fig. 4 XRD of wool keratin (a) and regenerated keratin

from [DBNE]DEP (b), [Emim]DEP (c), and [DBNH]OAc

(d) solutions.

图 5不同 ILs 再生角蛋白的相对结晶度

Fig. 5 CI values of the regenerated keratin from different ILs

solutions.

从图 4 中我们可以看到羊毛角蛋白在 2θ角为

9°和 20º附近有两个峰，9°附近的峰表示α螺旋结构，

20°附近的峰代表β折叠结构。同时也可以看到，再

生角蛋白中 9°附近的峰明显变弱，表明再生角蛋白

中α螺旋结构遭到了破坏.
CI 是再生角蛋白与羊毛角蛋白相比的相对结

晶度。从图 5中可以发现再生角蛋白的结构都遭到

了一定程度的破坏，而[DBNE]DEP 中的再生角蛋

白相对结晶度稍高于[Emim]DEP 和[DBNH]OAc，
说明遭受的破坏较轻。综上，ILs 溶解羊毛角蛋白

所需溶解时间越短，再生角蛋白破坏越严重。因此，

在选择 ILs作为溶剂时时，必须对这两者进行综合

考虑。

2.2 ILs结构对再生角蛋白二级结构的影响

上述表征并不能准确地反映再生角蛋白的局

部微观结构变化，因此我们对再生角蛋白进行了
13C-NMR 固体核磁表征。如图 6. 在羊毛角蛋白的

核磁图谱中，170-180 ppm 出的峰对应的是羰基

（C=O）碳， 56 ppm和 54 ppm两处的峰分别对应

的是α-碳和β-碳。从图中我们可以看出，再生角蛋

白的 13C-NMR 与羊毛角蛋白的 13C-NMR 谱图相

似，只因α螺旋和β折叠的含量差别，导致 C=O 峰

的化学位移稍有不同，对其进行高斯拟合，结果如

表 3. ILs溶解羊毛角蛋白所需溶解时间越短，α螺旋

含量越低，氢键和二硫键破坏越严重。

图 6 羊毛角蛋白、[DBNH]OAc,、[Emim]DEP和[DBNE]DEP

的 13C NMR谱图

Fig. 6 13C NMR spectra of raw material and the regenerated

keratin from [DBNH]OAc, [Emim]DEP, and [DBNE]DEP

solutions.

表 3 羊毛角蛋白和再生角蛋白的α螺旋和β折叠百分含量

Tab. 3 Percentage Fraction of α-Helix and β-Sheet of Raw

Material and Regenerated Keratin.



Peaks Chemical shift

(ppm)

HW

(ppm)

Fraction

(%)

Raw material

α-helix 171.9 5.92 91.43%

β-sheet 168.9 3.38 8.57%

Keratin regenerated from [DBNH]OAc solution

α-helix 174.03 1.89 4.53 %

β-sheet 171.93 6.45 95.47 %

Keratin regenerated from [Emim]DEP solution

α-helix 173.8 4.35 26.55%

β-sheet 169.9 5.18 73.45%

Keratin regenerated from [DBNE]DEP solution

α-helix 173.1 4.82 57.88%

β-sheet 169.4 4.28 42.12%

2.3 ILs结构对再生角蛋白二硫键含量的影响

二硫键能够提供交联位点来形成水稳定的角

蛋白纤维，并对维持角蛋白的热稳定性和柔韧性具

有重要作用。因此，我们对再生角蛋白的二硫键含

量变化进行了研究。

图 7 羊毛角蛋白和再生角蛋白中二硫键的变化

Fig. 7 Changes of disulfide bonds of goat wool in different

ionic liquids.

如图 7，随着完全溶解所需时间的减少，二硫

键含量从 113 nmol/mg减少到 2 nmol/mg，二硫键的

保留率降低至 1.8%。综上，溶解过程中，二硫键遭

到严重破坏。

2.4 ILs结构对再生角蛋白热稳定性影响

不同 ILs再生角蛋白的热稳定性发生变化。图

8是羊毛角蛋白和再生角蛋白的 TGA曲线，可以发

现所有曲线都有两段明显的失重，第一段在 100℃
左右，失去的是角蛋白中不饱和水；第二段在 240℃
到 450℃之间，这一阶段失重是由于角蛋白分子的

分解和多种键的断裂。不同再生角蛋白的分解温度

大约都在 244℃到 250℃之间，其中[DBNE]DEP 再

生角蛋白的分解温度为 250℃，稍高于其它再生角

蛋白的分解温度。

图 8 羊毛角蛋白和再生角蛋白的 TGA曲线

Fig. 8 TGA curves of raw material and the regenerated

keratins.

2.5 ILs结构对羊毛角蛋白溶解性能影响

高效溶解羊毛角蛋白的 ILs，必须具备溶解时

间相对短、再生角蛋白性能高等特点。因此，为了

筛选出最佳 IL，我们对不同 ILs溶解羊毛角蛋白的

溶解时间和再生角蛋白的性质进行了综合分析。结

果如图 9所示，随着完全溶解所需时间的减少，再

生角蛋白中α螺旋的含量减少，二硫键的断裂比率

增大。综合考虑溶解时间和再生角蛋白性质的关

系，我们选取[DBNE]DEP 为最佳离子液体，其溶

解时间为 3 h，α螺旋含量高达 57.88%，二硫键断裂

率低至 53.46%。



图 9 溶解时间、α螺旋含量及二硫键断裂率的关系图

Fig. 9 Relationship between dissolution times, contents of

α-helix and disulfide break ratio.

3 最佳 IL的应用前景

3.1 [DBNE]DEP /角蛋白溶液的流变性能

流变性能是考察角蛋白溶液纺丝能力的重要

参数。本研究以羊毛质量分数 8 wt%为例，对

[DBNE]DEP/角蛋白溶液的流变性能进行了研究。

从图 10 可以看出，随着剪切速率的增大，黏度减

小，符合剪切变稀现象。剪切速率与剪切力的对数

曲线呈线性关系。而且，非牛顿指数达到 0.8，纺

丝所需温度较低。因此[DBNE]DEP/角蛋白液具有

良好的纺丝应用前景。

图 10 [DBNE]DEP角蛋白溶液的剪切速率与黏度关系和剪

切速率和剪切力的对数关系

Fig. 10 Dependence of apparent viscosity on shear rate and

logarithmic plots of shear stress vs. shear rate of an

[DBNE]DEP solution at a mass ratio of 8 wt% and 333 K.

3.2 [DBNE]DEP 的循环性能

从经济性和环保性两个方面出发，ILs 的循环

利用具有重要的意义。本研究对[DBNE]DEP 的循

环性能进行了研究，发现循环使用 5次后，离子液

体的溶解能力不变，离子液体结构与原样保持一

致。因此[DBNE]DEP具有良好的循环利用性能。

4 结论

综上所述，ILs 结构对羊毛角蛋白的溶解具有

重要作用。阴、阳离子通过影响 ILs的极性和氢键

碱性来影响其对羊毛角蛋白的溶解能力。这一发现

对后续功能化 ILs的设计和优化起到了重要作用。

同时，一些 ILs对羊毛角蛋白展现出了良好的溶解

性能，通过对不同阴、阳离子结构的 ILs溶解羊毛

角蛋白溶解时间和再生角蛋白性能的分析，最终得

到 了 溶 解 羊 毛 角 蛋 白 的 最 佳 离 子 液 体

[DBNE]DEP。在 120℃下，[DBNE]DEP完全溶解 8
wt%羊毛角蛋白所需时间为 3 h，再生角蛋白中α螺
旋含量为 57.88%，二硫键断裂率低至 53.46%。此

外，[DBNE]DEP 循环利用 5 次后溶解能力和结构

都未发生变化，[DBNE]DEP/角蛋白溶液在纺丝方

面也展现出良好的应用前景
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Au 纳米粒子/还原氧化石墨烯复合材料的制备与催

化性能研究

刘园园， 王蔚妮,，王小娟，祝龙， 郭新立*,

（1. 东南大学材料科学与工程学院&江苏省金属高技术重点实验室，中国江苏省南京南京 210096）

摘 要： 本文采用原位还原法，在NaBH4还原的石墨烯片层（RGO）上原位生长金纳米粒子，并用该复合

物催化有机污染物对硝基苯酚（4-NP）的还原反应。该法制备过程中未添加其他还原剂和表面活性剂，利

用RGO本身的还原性对Au3+进行还原，所得的金纳米粒子在石墨烯表面分布均匀、密度可控，可以有效改善

石墨烯材料的亲水性和催化剂在水相反应体系中的分散性。另外，金纳米粒子表面无包覆剂，有利于Au表

面活性位点与反应物的充分接触，大幅提高催化效率。实验结果表明，该Au NPs/RGO复合材料能在150s内

完成催化反应，动力学常数高达1.21min-1，催化性能远远高于等量Au纳米粒子，在~4ºC静置40天后，该催

化剂仍能在240s内完成催化反应，表现出优异的催化稳定性能。

关键词： 金纳米粒子；还原氧化石墨烯；催化；对硝基苯酚（4-NP）

中图分类号：TB332（不超过3个） 文献标识码：A

Au NPs/RGO Hybrid for High-Efficient

Reduction of 4-Nitrophenol

Yuanyuan LIU ， Weini WANG ,Xiaojuan WANG ,Long ZHU, Xinli GUO

Jiangsu Key Laboratory of Advanced Metallic Materials, School of Materials Science and

Engineering, Southeast University, Nanjing, 211189, Jiangsu, P. R. China

Abstract: A simple method was developed for the in-situ synthesis of Au nanoparticles (Au NPs) on

NaBH4-reduced RGO film. And this hybrid material was used to catalyze the reduction of

4-nitrophenol(4-NP).Without adding additional reductant or surfactant during the in-situ synthesis process, Au

NPs were reduced by RGO and have an uniform and a controllable coverage on RGO film, which greatly weaken



the hydrophobic of RGO and turn the hybrid into a hydrophilic material, thus can disperse in the reaction system

stably. In addition， there are no surfactants capped on the surface of Au NPs, which ensures the fully-contact

between the surface active sites of Au NPs and reactants，thus improving catalytic rate considerably. The results

show that Au NPs/RGO hybrid can end the reaction in 150s with a kinetic constant as high as 1.21min-1, which is

much higher than adding same molar weight of Au NPs. This hybrid can still end the reaction in 240s after

holding at ~4 ºC for 40 days, which exhibits an excellent and stable catalytic activity.

Key words: Au nanoparticles(Au NPs); Reduction graphene oxide (RGO); Catalytic reaction;

4-nitrophenol(4-NP)



引 言

金纳米粒子由于独特的物理化学性质，在光、

热、电、磁等领域有广泛的应用。自上个世纪八十

年代后期，日本研究人员 Haruta M.发现搭载在过

渡金属氧化物上的金催化剂对 CO 低温氧化具有很

高的催化活性，打破了金没有催化活性的传统观

念，引起人们对金催化的极大兴趣。如今，金因粒

径小、比表面积高、反应活性位点多等优点，已广

泛应用于氮氧化物还原
[1-2]

，不饱和化学键分子的加

氢等催化反应。然而，化学法合成的金纳米粒子由

于包覆表面活性剂而阻隔了表面活性位点与反应

物的直接接触
[3]
；同时，由于高表面能，其长期放

置会造成粒子间的不可逆团聚
[4]
。这些因素都不可

避免地降低了金颗粒在水相体系中的催化活性。因

此，寻找合适的基底材料，能均匀而稳定地分散金

纳米粒子，具有重大的理论意义和应用价值。

还原氧化石墨烯（RGO）是二维蜂窝状结构的

碳材料。它不仅具有高比表面积，而且有缺陷和含

氧官能团，是负载纳米粒子的理想载体，目前已成

功负载 Au
[5-6]

，Pt
[7]
，Co3O4

[8]
，Fe3O4

[9]
等多种金属及

金属氧化物粒子，广泛应用于 SERS
[10]

、电化学传感

[11-12]
及催化等领域。将金纳米粒子/石墨烯复合物用

于催化氮氧化物还原，能极大提高反应速率。石墨

烯作为载体，不仅可以提高金纳米粒子的分散性，

防止其团聚，而且由于石墨烯本身的导电性，还能

加速 Au 纳米粒子与有机污染物对硝基苯酚（4-NP）

之间的电子传输，起到很好的协同催化效果。然而，

传统的复合方法通常采用在石墨烯片层上自组装

纳米粒子
[13-14]

，该法制备工艺繁琐，且无法去除 Au

表面的包覆剂。近年来发展了利用还原剂进行一步

还原的复合方法
[4,15]

，由于还原速度不易控制，存

在纳米粒子形貌大小不一、分布不均匀等缺点。以

上制备方法的不足直接影响该复合催化剂的催化

活性。因此，发展新的方法，充分发挥 RGO/Au 复

合物的催化性能，成为当务之急。

为克服以上问题，提高催化活性，本文发展了

原位还原法，不需添加其他还原剂，在常温条件下

利用RGO本身的还原性，原位生长Au纳米粒子，制

备过程简单，周期短；且该法制备的纳米粒子表面

无任何包覆剂，有利于活性位点与反应物的充分接

触。同时，制备过程辅以超声手段，减弱体系的粒

子扩散速率，有利于制备形貌尺寸均一、分布密集

的Au纳米颗粒，从而改善复合材料的亲水性，保证

其在水相中的分散性，大幅提高催化速率。本文使



用的合成方法简单方便，制备的催化剂性能优异，

为石墨烯负载纳米粒子复合材料的制备提供了有

益借鉴。

1 试 验

1．1 还原氧化石墨烯的制备

氧化石墨的制备采用改进 Hammers 法
[16-17]

。取

15mg 制得的氧化石墨在水溶液中充分超声剥离，得

0.5mg/ml 的氧化石墨烯（GO）溶液。在 GO 溶液中

加入 1gNaBH4，70℃下水浴 2 小时，还原得到 RGO。

将产物用去离子水离心洗涤。

1．2 Au/RGO 复合材料的制备

配制 0.1mg/ml 的 RGO 水溶液，超声分散。在

其中加入 150μl，HAuCl4（0.01M），超声 10 分钟

[17]
，得到 Au/RGO 复合物。将产物用去离子水离心

洗涤。

1．3 对硝基苯酚（4-NP）的催化反应

取 2ml4-NP 溶液（0.05mM）与 1ml 新鲜配制的

NaBH4溶液（0.1M）混合，溶液呈黄色。加入 Au/RGO

催化剂后，溶液逐渐由黄色变为无色，说明 4-NP

被还原。该过程利用紫外-可见分光光度计来实时

监测。将混合溶液置于石英比色皿中，每隔特定时

间，测试紫外-可见吸收光谱，观察 400nm 处 4-NP

吸收峰随时间的减弱情况。

1．4 样品的性能及表征

G2-20 型透射电子显微镜（TEM）、日立 U-4100

紫外可见近红外分光光度计（UV-vis）、Dimension

ICON 原子力显微镜（AFM）。

2 结果与讨论

2.1 表面形貌表征及合成机理分析

化学液相还原法是制备 RGO 的方法之一，常用

还原剂有 N2H4

[18]
，HI

[19]
，NaBH4

[20]
等。本文以 NaBH4

为还原剂，因为该法还原的 RGO具有分散稳定性好，

还原程度较低等优点，使 RGO 不仅具有导电性，而

且有更多的残余氧化官能团作为结合点，并较多地

保留了 GO 原有的亲水性。这些都为制备高质量

Au/RGO 复合物及确保其在反应体系中的分散稳定

性提供了有利条件。从石墨烯的 TEM 图片（图 1(a)）

中可以看出，石墨烯呈透明片状，说明剥离程度较

高，层数较少。同时，片层上有少数的褶皱。这是

由于石墨烯表面能高，为了保持层状结构的稳定，

趋向于缩小表面积而引起的。选取 RGO 平整处作选

区电子衍射图（SAED）（图 1(b)），可以看到一套

明亮的六角对称点图，说明 RGO 结晶性很好。



图1 石墨烯透射电镜图及选区电子衍射图

Fig. 1 TEM image and SAED image of RGO

利用石墨烯本身的还原性，辅以超声手段，制

备 Au/RGO 复合材料。该法不仅简便，且所得金纳

米粒子粒径分布窄，在 RGO 基底上密集分布。从 RGO

与 Au/RGO 的紫外可见吸收光谱图（图 2(a)）中可

看出，两者在 260nm 处均有一个 RGO 的吸收峰，这

是由于 C=C 双键的π→π
*
转变引起的。在 Au/RGO

的吸收光谱中，可以看到在 520nm 附近还有一个金

纳米粒子的吸收峰。由于 Au 的浓度低，且粒子间

距较小，形成偶合效应，所以峰型弱而宽泛，初步

证明了 Au 已成功附着于石墨烯片层上。Au/RGO 的

TEM 图（图 2(b)）进一步展示了这种复合物的形貌

特征。从图中可以看出，金纳米粒子粒径分布窄，

在 RGO 基底上分布密集。由于金纳米粒子的分布，

阻隔了 RGO 疏水性表面与水溶液的接触，且 Au 的

附着拉大了RGO片层之间的层间距，使其免受π-π

键的作用而相互团聚，从而极大减弱了石墨烯的疏

水性，并防止其团聚，增强了该复合物在水溶液中

分散稳定性。将其作为 4-NP 在水相反应体系中还

原的催化剂，能迅速分散，确保与反应物充分接触，

极大提高催化效率。AFM 图中（图 2(c)）可以看出

金纳米粒子在石墨烯上的附着情况，石墨烯的厚度

为 1.032nm。单层石墨烯的理论厚度为 0.34nm，考

虑到两边范德华力作用，文中所测厚度可认为是单

层石墨烯，进一步证实 RGO 的剥离程度较高，可作

为高质量基底制备 Au/RGO 复合物。

图2 Au/RGO紫外可见吸收光谱图、透射电镜图及原子力

显微镜图



Fig. 2 UV-vis absorption spectra, TEM image and AFM

image of Au NPs /RGO

该复合物的合成，有几个必不可少的因素。首

先，RGO 的不充分还原使其表面带有含氧官能团及

缺陷，可吸附 Au
3+
，作为 Au NPs 生成的形核点；其

次，RGO 本身的还原性可使 Au
3+
还原成 Au

0
并在后续

条件下生长成 Au NPs
[14]
；最后，超声使 Au

3+
均匀吸

附于 RGO 的形核点上，并为 Au NPs 的生长提供了

必要的能量。同时，超声过程使溶液体系更加稳定，

减少粒子表面扩散系数
[22-23]

，降低粒子运动速度，

有利于形成尺寸均一的 Au NPs。

2.2 Au NPs/RGO复合物催化性能测试

本文以Au NPs/RGO复合材料为催化剂，以NaBH4

为还原剂，对4-NP还原为4-AP的有机反应进行了催

化。4-NP是一种易积累的有毒有机物，对其进行高

效的催化分解，对环境和人体健康具有重大意义。

利用紫外-可见分光光度计能对该反应进行有效的

实时监测，400nm处4-NP吸收峰的消失和300nm处

4-AP吸收峰的出现，说明反应的进行。在反应体系

中加入0.15ml 复合物（nAu/n4-NP=4.5mol%）进行催

化，从紫外-可见吸收光谱图中（图3(a)）看出，

150s内，4-NP吸收峰消失，同时出现4-AP的吸收峰，

表现出优异的催化效率。而用等摩尔量粒径20nm、

表面包覆CTAB活性剂的Au NPs作为该体系的催化剂

（图3(b)），90min才可完成催化，反应速率大大

降低。主要原因有两点：(1) CTAB的存在阻碍了Au

NPs与4-NP分子的充分接触；(2) 没有石墨烯作为

导电基底，Au NPs与4-NP之间的电子传输减慢。通

过对比实验，进一步证明了Au NPs/RGO复合材料作

为催化剂的优越性。从浓度-时间关系图（图3(c)）

对比中可知，Au NPs为催化剂的反应动力学常数为

0.0271min
-1
，而Au NPs/RGO为催化剂的反应动力学

常数高达1.21 min
-1
，反应速率极大增加。

图3 4-NP还原反应实时紫外可见吸收光谱图、浓度-时间变

化图

Fig. 3 Time dependent of UV-vis absorption spectra and plot of

ln(Ct/C0) versus time for the reduction of 4-NP

4-NP的还原反应分以下几步：(1) 4-NP与BH4

-



离子在Au NPs上的吸附；(2) 在Au的表面实现了两

者之间的电子传输和原子交换，O原子从4-NP上脱

离，BH4

-
离子上的H取代其位置，生成产物4-AP。(3)

4-AP从Au NPs上脱附并扩散。Au对该反应具有催化

活性，降低反应动力学势垒，实现4-NP与BH4

-
之间

的电子传输。RGO作为负载体，具有协同催化的效

应，它不仅防止Au NPs的团聚，而且通过π-π键

吸附4-NP，提高催化剂附近反应物浓度，有利于反

应进行。此外，RGO具有导电性，一定程度上能促

进反应体系的电子传输。

如上文所述，本文在剥离程度较高的RGO片层

上负载金，所得复合物具有良好的亲水性和分散稳

定性，是催化4-NP水相还原反应的理想催化剂。将

该催化剂在~4ºC静置40天，再次进行催化反应（图

4），在240s内即能完成，仍表现出优异的催化性

能。催化速率与之前比有所减慢，一是由于金长时

间暴露于水中，表面吸附水中其他分子，一定程度

上阻碍活性位点与反应物的接触，催化活性有所降

低。二是由于RGO长期静置的轻微团聚引起的。

图4 在~4ºC静置40天后Au/RGO催化4-NP还原反应的实时紫

外-可见吸收光谱图.

Fig. 4 Time dependent of UV-vis absorption spectra for the

reductionof 4-NP by Au NPs/RGO catalyst after holding at

~4ºC for 40 days.

3 结 论

本文研发了一种新的原位生长制备金纳米粒

子/还原氧化石墨烯复合材料的方法。石墨烯采用

NaBH4还原法制备，具有良好的结晶性，剥离程度高，

有较多的形核点，可作为理想的纳米粒子负载体。

通过原位还原法，Au NPs在石墨烯基底上均匀分布、

大小均一、密度可控，有效改善了石墨烯基底的疏

水性，且Au NPs表面无包覆剂，可作为4-NP还原反

应的高效催化剂。该催化剂能在150s内完成催化反

应，动力学常数高达1.21min
-1
，远远高于等摩尔量

Au NPs的催化性能（需90min，动力学常数仅为

0.0271min
-1
）。同时该复合纳米材料在剥离程度较

高的RGO片层上负载金，具有良好的分散稳定性，

在~4ºC静置40天后，仍能在240s内完成催化反应，

表现出优异的催化稳定性能。
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Abstract: MIL-101(Cr)@SnO2 was successfully synthesized via a impregnation-oxidation
process and investigated as an electrochemical pseudo-capacitor material in 1M KOH electrolyte.
Structural characterizations illustrate that SnO2 nanoparticles (NPs) disperse uniformly in the
framework of MIL-101(Cr). The porous structure combined with SnO2 NPs brought a maximum
specific capacitance of MIL-101(Cr)@SnO2 up to 100 F•g-1 at a scan rate of 5mV•s-1, which is
far higher than MIL-101(Cr). Meanwhile, MIL-101(Cr)@SnO2 exhibits a good cycling stability
over 500 cycles.
Keywords: MIL-101(Cr)@SnO2, Supercapacitors, Porous materials, Energy storage and
conversion

Introduction
Metal-Organic Frameworks (MOFs) have

been attracted great attention for many years
because of their tunable pore structure and
pore size, high surface area and pore volume,
various topology structure and composition
based on abundant metal node and bridge
ligands which construct the framework of
MOFs. And their application based on the
above feature have embodied in vast field,
such as in gas adsorption and separation,
sensors, catalysis, and biomedicine[1-3]. In
recent years, more and more research focus on
the MOF-based composites aim to combine
effectively the advantage of different
constituent and to maximize the synergies
effect, such as composites constructed by
metal nanoparticles loaded in MOFs
framework[4-6], based on doping
semiconductor quantum dots with MOFs and
combine two different MOFs to form a new

composite system with core-shell, hollow and
other various morphology[7-9]. And some
new application areas related to these
composites began to emerge, for example in
photocatalytic reactions and in energy transfer
and storage.

Supercapacitors are considered as a
promising candidate for energy storage, and
store electrical charge on high-surface-area
conducting materials. A large variety of
materials have been investigated as electrode
materials for supercapacitors, such as metal
oxides, sulfide, and other porous materials
with high surface area and pore
volume[10-12]. While metal-organic
frameworks have attracted much interest
because of their porous structure and
predominant adsorption performance But the
research of MOFs focused on potential uses in
electronic devices is in its infancy. In recent
years, just a limited number of MOFs are
investigated for supercapacity property as



supercapacitor, such as use MOFs including
Zr-, Zn-, Co- and Ni- materials as electrode
materials for supercapacitors[13-16]. Among
them MOF-based composites have attracted
more and more attention, because that the
obtained results showed that forming
composites can improve the properties in
many aspects, especially in catalysis and
separation. And the similar synergies effects
also exhibited in optical and electrochemical
properties of MOFs-based composites. In the
research about utilizing MOFs-based materials
as supercapacitors electrode, some superior
results have been obtained. Tang[17] reported
a SnO2 quantum dots@ZIF-8 exhibited
improved electrochemical properties.
Considering the superior stability in most
harsh conditions and super large surface,
which can be expected to be beneficial to the
transmission of materials and conduction of
electron, we choose another important MOF,
namely MIL-101(Cr), to form composite with
SnO2 nanoparticles. The test of
electrochemical properties of composite
showed an outstanding performance higher
than the patent MIL-101(Cr).
2 Materials and Methods
2.1 Materials and Characterization

All solvents and reagents were used as
purchased without further purification.

The Powder XRD (PXRD) patterns of
the samples were analyzed by X-ray
diffraction (XRD) in the 2θ range 5°−50° at a
scanning rate of 1.2°·min−1 and a step size of
0.04° by a D8-Advance X-ray diffractometer
(Bruker, Germany) with Cu-Kα radiation (λ=

1.5418 À)at 40 kV and 40 mA. FT-IR spectra
(KBr pellet) were carried out on Nicolet
Avatar-IR 360 spectrometer in the
wavenumber range of 4000−400 cm−1.
Scanning electron microscopy (SEM) images
were obtained on a JEOL JSM-6390 using a
20kV accelerating voltage. Field emission
scanning electron microscopy (FESEM) on a

JEOL JSM-5400 system at an accelerating
voltage of 15 kV. Brunauer-Emmett-Teller
(BET) surface areas and pore volumes were
measured on a Micromeritics ASAP 2020
sorptometer using nitrogen adsorption at 77 K.
Prior to the measurement, the sample was
degassed at 150℃for 4 h in the vacuum line.
2.2 Synthesis of MIL-101(Cr)@SnO2

First ， MIL-101 was synthesized
according to a previous report with
modifications[18]. Typically, a mixture of
terephthalic acid (500 mg, 3.0 mmol) with
Cr(NO3)3·9H2O (1.2 g, 3.0 mmol) in the
presence of aqueous HF (0.6 mL, 3.0 mmol)
and deionized water (14.4 mL) was transferred
to a Teflon-lined autoclave. The autoclave was
kept at 220 °C for 8 h. The green powder of
as-synthesized MIL-101(Cr) was refluxed in
water, ethanol, and NH4F solutions,
respectively, for over 12 h, washed with hot
water to eliminate the unreacted terephthalic
acid trapped in the giant pores, and finally
dried overnight at 40 °C under vacuum for
further use.

Then MIL-101(Cr)@SnO2 was prepared
by the following procedure. The guest-free
MIL-101(Cr) was immersed into a 6M SnCl2
solution and stirred for 15min, then added
propylene oxide(10 times the number of moles
of Sn2+) to get a homogeneous sol-gel. Aging
under stirring for 5min, 0.5mL 30% hydrogen
peroxide was added and containing for 6h at
room temperature. The final product was
centrifuged under 4000 rpm, washed with
deionized water and dried under at 80℃ for
12h.

The working electrode was prepared as
follows: a mixture containing 75wt% of
MIL-101(Cr)@SnO2, 20 wt% of super
conductive carbon black and 5 wt% of
polytetrafluoroethylene (PTFE) was well
mixed, and then was pressed onto a stainless
steel net (size of 1 cm2) that served as a
current collector. The typical mass loading of



the electrode material is about 1~1.5 mg. The
prepared electrode was dried at 80℃ for 12h.

The electrochemical measurements were
carried out in a three-compartment cell with a
platinum plate as the counter electrode, a
Hg/HgO electrode as the reference electrode
and a working electrode. 1.0 M KOH was
used as electrolyte.
3 Results and discussion
3.1 Characterization of MIL-101(Cr)@SnO2

The resulting MIL-101(Cr)@SnO2 was
harvested as confirmed by PXRD, SEM, TEM,
and N2 adsorption/desorption isotherms.

Fig. 1 shows the XRD patterns of the
samples. The XRD pattern of the experimental
MIL-101(Cr) in this work is nearly matched

up with the patterns from single crystal data
(simulated PXRD)[18]. Comparison of the
sample XRD patterns of as-synthesized
MIL-101(Cr) and MIL-101(Cr)@SnO2, the
crystalline order of the MIL-101(Cr) host
matrix mostly remains unchanged after
loading SnO2 NPs. Diffractions for
cassiterite-SnO2 species are detected obvious
from powder XRD patterns of
MIL-101(Cr)@SnO2 composites, just as
shown of (110), (101), (211), (112) and (321)
diffraction peak at 2θ=26.6°，33.9°，51.7°，
64.7° ， 78.7° (The corresponding PDF card:
41-1445), which indicates SnO2 loading
successfully in the framework of MIL-101(Cr).

Fig. 1. PXRD patterns of as-synthesized MIL-101(Cr)(a) and MIL-101(Cr)@SnO2 (b).
A further investigation of the morphology

and composition of MIL-101(Cr)@SnO2

composite is made by SEM and FESEM as
showed in Fig. 2. From Fig. 2 (a.b), we can
see MIL-101(Cr)@SnO2 composite exhibits
partially deformed octahedral morphology
similar to the parent MIL-101, which shows
that the loading of SnO2 would partially

damage the morphology of MIL-101(Cr).
FE-SEM in Fig.2(c,d) showed that SnO2

nanoparticles dispersed in the surface of
MIL-101(Cr) uniformly with the size of 10-15
nm. The EDX spectrum of
SnO2@MIL-101(Cr) in Fig. 3 shows the
presence of element Cr, Sn, O, and etc., which
further confirmed the formation of composite.



Fig.2. SEM (a, b) and FESEM (c, d) of SnO2@MIL-101(Cr)

Fig.3. EDX spectrum of MIL-101(Cr)@SnO2

To evaluate the surface area and the pore
size distribution, N2 adsorption/desporption
analysis were performed and the isotherms are
shown in Fig.4. The corresponding pore size
distribution was calculated by
Barrett−Joyner−Halenda (BJH) method using
the desorption part. The isotherm of the
obtained MIL-101(Cr)@SnO2 sample reflects

a type-IV sorption behavior with a little
hysteresis loop according to the IUPAC
classification, indicating a typical mesoporous
structure which is consistent with TEM. The
BET specific surface area of this composite is
calculated to be 1077.89 m2g-1. The BJH
distribution reveals a pore size of 2.52 nm in
MIL-101(Cr)@SnO2.

Fig. 4. N2 adsorption-desorption isotherms (a) and corresponding BJH pore size distribution curve
(b) for as-synthesized MIL-101(Cr) and MIL-101(Cr)@SnO2.

3.2 Electrochemical properties of MIL-101(Cr)@SnO2

The Cyclic voltammetry (CV) curves for as-synthesized MIL-101(Cr), SnO2 and
MIL-101(Cr)@SnO2 electrodes at different scan rates are given in Fig.5(a, b and c), respectively.



In each CV curve, it shows a
quasi-reversible electron transfer process,
indicating that the measured capacitance is
mainly based on redox mechanism, different
from that of electric double layer capacitors
with a CV curve close to an ideal rectangular
shape. The specific capacitances(SC) of
electrodes at diffenent scan rates are
calculated according to the CV curves and the
clear relationships are shown in Fig.5(d). The
SC values for the as-synthesized MIL-101(Cr)
and MIL-101(Cr)@SnO2 electrodes are 63, 81
and 100 Fg-1 at a scan rate of 5mVs-1, and
decrease to 18, 23 and 35 Fg-1 with increasing
scan rate to 100mVs-1, respectively. The
well-defined redox couple of each cyclic

voltammogram due to the redox process of
transition metal. In addition, for the MIL-101,
its porous architecture is favorable for an easy
to-and-fro diffusion of ions during
charging/discharging process. Compared with
pure MIL-101(Cr), MIL-101(Cr)@SnO2

electrode shows much larger SC. This good
pseudocapacitive performance is mainly due
to the synergistic electrochemical behavior of
SnO2 and MIL-101(Cr). The SnO2 NPs can be
dispersed well because MIL-101(Cr) holds an
intersecting three-dimensional structural
feature, large surface area and large pore size.
Typically, the porous structure is favorable for
fast ion/electron transfer.

Fig. 5 CV curves of different samples at various scanning rates. (a) MIL-101(Cr); (b) SnO2; (c)
MIL-101(Cr)@SnO2; (d) The specific capacitance as a function of scan rate of different samples.

The long-term cycling stability of the
MIL-101(Cr)@SnO2 electrodes was also
investigated by continuous CD measurements
over 500 cycles at the scan rate of 10mVs-1 in
Fig 6. The capacitance drop in this case are
sharp till 80 cycles and then keeps almost
constant with slight fluctuations up to 500

cycles. The capacitance decrease in the initial
stage is possibly due to certain irreversible
reaction in electrochemical process. Even so,
they still have good specific capacitances and
cycling stability. In general, cassiterite-SnO2

will be benefited to the catalysis which
desposited in the surface.



Fig. 6 long-term cycling stability of MIL-101(Cr)@SnO2 at scan rate of 10 mVs-1.
Conclusions

In summary, MIL-101(Cr)@SnO2 has been
prepared via a impregnation-oxidation method.
FESEM and TEM images showed that SnO2

deposited uniformly in the surface of
MIL-101(Cr) with the particles size of 10-15
nm. It was investigated as supercapacitors
materials for potential energy storage
application. According to the electrochemical
tests, MIL-101(Cr)@SnO2 materials showed
an outstanding performance of 100 F·g-1 than
the patent MIL-101(Cr). This novel electrode
material has significant potential to be further
exploited in supercapacitor devices and
brought more information on MOF-based
compostes used for electrode materials.
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3D Hollow Sphere Co3O4/MnO2-CNTs MnO2: Its High-performance Bifunctional

Cathode catalysis and Application in Rechargeable Zinc–air Battery

Xuemei Lia, Jinli Qiaoa,b*,Nengneng Xua

Abstract: Recently, there has been a continuous requirement for high active,

excellently durable, and low-cost electrocatalysts for rechargeable zinc air battery.

Among many low-cost metal based candidates, transition metal oxides with the CNTS

composite have gained increasing attention. In this paper, MnO2 nanotube-supported

Co3O4 nanoparticles and its carbon nanotubes hybrid material (Co3O4/MnO2-CNTs)

was successfully synthesized by using a co-precipitation method combined with

post-heat treatment. The morphology and composition of the catalyst are analyzed

through SEM, TEM, TEM-mapping, XRD, EDX and XPS. The hybrid

Co3O4/MnO2-CNTs nanomaterials exhibit outstanding catalytic activity toward

oxygen reduction reaction and oxygen evolution reaction under alkaline conditions

(6M KOH) compared with other catalyst such as the commercial 20% Pt/C,

Co3O4/MnO2, sole MnO2 nanotubes and CNTs by LSV. Moreover, primary and

rechargeable Zn-air batteries made with the optimal catalyst to prove its prominently

bifunctional activity and stability. The hybrid Co3O4/MnO2-CNTs-350 shows a decent

open circuit voltage (~1.47V), a high discharge peak power density (340 mW cm-2)

and a large specific capacity (775 mAh g−1 at 10 mA cm-2) for primary Zn-air battery.

In a rechargeable Zn-air battery, this optimal bifunctional catalyst reveals small

charge–discharge voltage gap (<1.1V) and much higher cycle-life (504 cycles at 10

mA cm-2 with 10 min per cycle). More importantly, the simple synthesis method is

also suitable for the large-scale production of this bifunctional material owing to

simple process and effective cost.

Keywords: bifunctional catalyst, activity and stability, rechargeable zinc-air battery,

high specific capacity



1. Introduction

The issue of environmental

pollutions and immense impetus of

energy that is gradually growing on have

forced to search renewable clean

sustainable energies and equipment

which can take the place of fossil fuels

and nuclear energy [1,2]. Among the

various alternative energies, such as

solar, hydrogen and wind energies are

already putting into practice[3,4].In

addition, to meet these pressing energies

requirements, kinds of new technologies

for energy generation and storage have

been developed. In these different

varieties technologies, batteries, fuel

cells and super capacitors have long

been widely accepted for their capacity

to efficiently convert and store

electricity [5,6].Up to now, lithium-ion

batteries are being intensively applied to

power various electronic devices and

even electrical vehicles. However, due

to their complicated operation

conditions and safety problems,

lithium-ion batteries have met some

obstacle in its fast booming. Hence, the

rechargeable zinc–air batteries (ZABs)

becomes the greatest candidate for

future energy applications and stationary

energy storage on account of

eco-friendliness, economic viability,

safenessand high energy density with a

theoretical value of 1084 Wh kg-1, which

is about five times higher than those of

current used Lithium–ion batteries

[7-10].But the rechargeable zinc air

battery is also facing some challenges

including poor durability and restrained

performance. It should be most

commonly attributed to sluggish kinetics

at the air electrode of both the oxygen

reduction reaction (ORR) during

discharge processes and the oxygen

evolution reaction (OER) during charge

processes, which will lead to reduce

round trip efficiency [11].Considering

the above problems, it is important that

significant effort has been devoted to

comprehending the ORR/OER

mechanism in the hope of finding route

toward designing new catalytic surfaces

with outstanding ORR/OER kinetics.

Currently, carbon-supported precious

metals and even their alloys such as Ir/C,



Pt/C and Pt-Pd/C, have been studied and

developed as the best performance

ORR/OER catalysts [12-14].

Nevertheless, high cost, scarcity, and

insufficient stability which have limited

their widespread commercialization

[15-16].So it is of necessity to develop

numerous non-precious metal-based

bi-functional catalysts like transition

metal oxides (spinel/perovskite

structures) and metal-free carbon-based

materials(graphene/carbon nanotubes)

for enhancing the performance of zinc

air battery[17-20].One of the

well-known spinel electrocatalysts is

Co3O4 and it has been used as effective

electrocatalysts for OER because of their

splendid redox reaction activity and

stability in aqueous alkaline electrolytes

[21]. On the other hand,MnO2 is being

considered as promising active

electrocatalyst toward the ORR for

primary zinc air battery in that their rich

oxidation states, particularly chemical

compositions and unique crystal

structures[22,23]. Recently,

spinel-structured Co–Mn–O

nanocrystals shows extremely

bifunctional reactivity owing to possess

high surface area and abundant

vacancies, for instance, Co3O4

nanoparticle-modified MnO2 nanotube

bi-functional oxygen cathode catalysts

for rechargeable zinc–air batteries have

beenreported by Du et al [24]. Despite

these efforts, studies on the above

bifunctional transition metal oxides

catalysts for ORR and OER are still

limited. To improve the electrochemical

performance of non-precious metal

oxides as catalysts, the synergistic

coupling between metal oxides with

CNTs or graphene based materials have

attracted much attention due to

prominent high conductivity and large

surface area of the carbon materials

[25-27]. Prabu et al. studied the

CoMn2O4 nanoparticles anchored on

nitrogen-doped grapheme nanosheets as

bi-functional electrocatalyst for

rechargeable zinc–air batteries[8].Lee

and co-workers reported one-pot

synthesis of a mesoporous NiCo2O4

nanoplatelet and graphene hybrid and its

oxygen reduction and evolution

activities as an efficient bi-functional

electrocatalyst[28]. However, the

performance of this air electrodes wasn’t

particular satisfactory in terms of both

stability and durability. Remarkable



performance gaps remain unfilled to

furnish bifunctional catalytic activity on

par with precious metal-based catalysts.

Hence, in this paper, we report

transition metal-based MnO2

nanotube-supported Co3O4 nanoparticles

and its carbon nanotube hybrid material

(Co3O4/MnO2-CNTs) with satisfactory

bifunctional catalytic activities. This

hybrid catalyst is synthesized via a

co-precipitation method combined with

post-heat treatment, which are very

simple, cost effective, and highly

efficient for producing large quantities

of material. We investigate the catalyst

possess a better controlled morphology,

particle size, dispersity, uniformity and

compositional structure by SEM, TEM

(including TEM-mapping), EDX, XRD

and XPS. The evaluation of

electrochemical activities of the material

towards ORR and OER is conducted by

employing half-cell testing, which

displays much better activities and

stability than those including the

commercial 20% Pt/C, Co3O4/MnO2,

sole MnO2 nanotubes and CNT. It is

believed that the improve

electro-catalytic activities of

Co3O4/MnO2-CNTs can be attributed to

intimate contact between inorganic

nanoparticles (Co3O4, MnO2) and

underlying CNT networks. For another,

with respect to the current density at 1.0

V and peak power density of the primary

Zn-air battery made with the

Co3O4/MnO2-CNTs-350 catalyst are all

noteworthy superior to the battery made

with Pt/C. The rechargeable zinc air

battery results showed that the

Co3O4/MnO2-CNTs-350 hybrid catalysts

greatly outperformed commercial Pt/C

and Co3O4/MnO2both catalytic activity

and durability. The above results can be

associated with3-D hollow structure, the

smaller and uniform dispersion of

nanoparticles and strong coupling effect.

It is demonstrated that this cost-effective

non-precious bifunctional composite

catalyst, particularly for the OER would

be able to practically serve zinc air

batteries.

2. Experimental Section

2.1 Materials and catalyst preparation

The synthesis of MnO2 nanotubes

was conducted by a facile hydrothermal

method. In detail, 0.7902 g KMnO4 and

2 mL concentrated HCl (37%) were



added to 50 mL deionized water (D.I.) to

form a precursor solution, then the

solution was transferred into a 100 mL

Teflon-lined stainless steel autoclave.

The autoclave was sealed and

hydrothermally treated at 140oC for 12

hours. After the autoclave was cooled

down to room temperature, the MnO2

nanotube sample was collected and

washed for 3-5 times with ethanol and

D.I. water, and dried in air at 60oC for

12 hours. Then the MnO2 nanotubes

modified Co3O4 nanoparticles

(MnO2/Co3O4) was prepared by a

co-precipitation method combined with

post-heat treatment. In detail, 0.5 g

Co(NO3)2 6H2O was dissolved in 30 mL

of D.I. water and 5 mL of 1.3 mol L-1

ammonia solution was added dropwise

into the reaction mixture under vigorous

stirring. The color of the solution turned

to green at first, and gradually evolved

into dark green. Afterwards, 0.125 g

as-prepared MnO2 nanotubes and 0.0625

g CNTs (purity > 95wt.%, length ~15 m,

diameter 30-50 nm, Alpha Nano

Technology Co. Ltd., China) were

dispersed in the above solution by

stirring for 60 min. The resulting

products were separated by

centrifugation, washed 3-5 times with

D.I. water and ethanol, dried at 60oC for

5 h, and then calcined in air at 250 ~

550oC for 1 h (Figure. 1). The obtained

catalyst samples are then expressed

asCo3O4/MnO2-CNTs-250,

Co3O4/MnO2-CNTs-350,

Co3O4/MnO2-CNTs-450

andCo3O4/MnO2-CNTs-550,

respectively, in this paper.

2.2 Physical characterizations of air

cathode electrocatalysts

The morphologies of various

catalyst samples were evaluated using an

FEI Sirion200field-emission scanning

electron microscope (SEM) operating at

5 kV. Transmission electron microscopy

(TEM) analyses were performed with a

high-resolution Hitachi

JEM-2100Foperating at 200 kV to

obtain information of the average

particle size and the distribution of the

catalyst prepared. The crystal-phase

X-ray diffraction (XRD) patterns of

catalyst samples were collected on a

Philips PW3830 X-ray diffractometer

using Cu Kα radiation (λ = 1.5406 Å).

The current was 40 mA and the voltage

was 40 kV. The intensity data was

collected at 25oC in the 2 range from 5o



to 80o with a scan rate of 1.20o min-1.

The element distribution was determined

on copper wire mesh by means of

energy dispersive X-ray spectroscopy

(EDX) onJEM-2100F attached to

Transmission electron microscopy

(TEM) at 10 kV.X-ray photoelectron

spectroscopy (XPS) measurements were

performed to analyze surface particles of

the catalyst, using a spectrometer

(RBD-upgraded PHI–5000C ECSA

system (PerkinElmer)) with an Al Ka

X-ray anode source (hv=1486.6 eV) at

14.0 kV and 250 W.

2.3 Electrode preparation and

measurements

Three-electrode half-cell containing

a rotating disc electrode (RDE) was used

to investigate both the ORR and the

OER catalytic activities of the Co3O4/

MnO2-CNTscatalyst samples. The

working electrode was fabricated by

casting Nafion®-impregnated catalyst

ink onto a glassy carbon disk electrode

(5 mm in diameter). In the preparation

of catalyst ink, 5 mg of the catalyst was

ultrasonically dispersed into 1 mL

ethanol and 8 μL 5 wt%

Nafion®solutions to form a catalyst ink.

Afterwards, 5 μL of the catalyst ink was

deposited onto the disk and dried at

room temperature. The working

electrode was allowed to achieve a

catalyst loading of 0.125 mg cm-2 made

by mixingCo3O4/MnO2-CNTs.

Electrochemical activity of the samples

was studied with a linear sweep

voltammetry (LSV). In the

measurements, the catalyst-coated

working electrode was immersed in a

half-cell containing 0.1 M KOH aqueous

electrolytes, in which a Pt wire and a

saturated calomel electrode (SCE) were

used as the counter and reference

electrodes, respectively. Catalyst

activities toward ORR curves were

recorded from 1 to 0.2 V vs. RHE and

the rotation rate was controlled 1600

rpm with the scan rate of 5 mV s-1 in

O2-saturated electrolyte solution. OER

curves were recorded from 1 to 2 V vs.

RHE at 5 mV s-1 and a rotation speed of

1600 rpm in O2-saturated electrolyte

solution. A commercial Pt/C catalyst

(20% Pt/C, Johnson Matthey),

Co3O4/MnO2, MnO2 and CNT were used

as the baseline and tested using the same

procedure as that for the

Co3O4/MnO2-CNTs-350. To

quantitatively analyse transfer electron



number by Koutecky-Levich plots, the

electrode was rotated at several other

rates such as 300, 600, 900 and 1200

rpm.Chronoamperometric responses of

Co3O4/MnO2-CNTs-350 and Pt/C

electrodes at 0.30 V and the rotation rate

was controlled 300 rpm with the scan

rate of 5 mV s-1 in an O2-saturated 0.1 M

KOH solution.

2.4 Primary Zn-air batteries and

rechargeable Zn-air batteries tests

Primary and rechargeable Zn-air

batteries were tested in home-made

electrochemical cells, which can

measure the practical catalyst activity

and stability (Fig (6 a)).The air cathode

was prepared by spraying the catalyst

(with a loading of 1mgcm-2) onto a gas

diffusion layer (GDL) (Toray

TGP-H-090) with an exposed active area

of 2 cm×2 cm. In a word, 20mg of

catalyst was dispersed in 5 mL of

ethanol by sonication for 30 minutes. 40

μL of5 wt% Nafion®solution was added

followed by 1 hour of additional

sonication. The catalyst mixture was

then sprayed onto the GDL, and dried in

an oven at 60°C for 1hour. The catalyst

loading was controlled by calculating

the weight of the GDL electrode before

and after the spray coating. The

electrolyte used in the zinc–air battery

was 6M KOH, and a polished zinc plate

(purity > 99.99%, thickness: 0.5 mm,

Shengshida Metal Mater. Co. Ltd.,

China) was used as the anode. The

discharge polarization and power

density plots were obtained using a

galvanodynamic method with a current

density ranging from 0 to 1000 mA cm-2.

Battery testing and cycling experiments

were performed at 20oC using the

recurrent galvanic pulse method, where

one cycle was consisted of a discharging

step (10 mA cm-2for 5 min, 50 mA

cm-2for 1h)followed by a charging step

of the same current and duration time.

3.Results and discussion

3.1 Morphology and structural analysis

As we all know, the distribution of

the active metal and the morphology of

the hybird materials can enhance their

corresponding electrochemical

performance [29]. We first investigate

the morphology

ofCo3O4/MnO2-CNTs-350 using a

scanning electron microscope (SEM)a

transmission electron microscope



(TEM).Figure 2(a-d) reveals the typical

SEM image of

theCo3O4/MnO2andCo3O4/MnO2-CNTs-

350 nanomaterials, which were

successfully synthesized using a

co-precipitation method combined with

post-heat treatment. As shown in Figure

2(a,b),the Co3O4/MnO2 hybrids with a

bird’s nest-like structure, whereas

indicates that the length of the MnO2

nanotubes is in the range of 2–10μm are

highly agglomerated due to lack of a

supporting layer to prevent the Co3O4

nanoparticles from aggregation. After

CNTs are added into theCo3O4/MnO2

hybrids to form a composite, the catalyst

of Co3O4/MnO2-CNTs can be formed.

The morphological dispersion of

Co3O4/MnO2-CNTs are clearly

presented in Figure 2(c,d), the

intertwined CNTs form a 3-D

conductive network, which facilitates

the electron transport in electrocatalytic

reactions [30].Furthermore, it can be

distinct seen that the structure have lots

of circular porous (3~6μm), believed to

have an beneficial effect on

electrochemical reaction [31].For a

further analyze, as shown in Figure

2(e-h), the TEM images show some

more close structure information of such

a material. It can be seen that sparse

Co3O4 nanoparticles randomly dispersed

on the MnO2 nanotubes and the average

size of the larger Co3O4 nanoparticles is

about 13 nm (Figure 2(e)).Figure2(f)

clearly shows the several granular Co3O4

with a size range of 5-10 nm are all

uniform and dense coating of the surface

of MnO2 nanotubes and

CNTs.Interestingly, with

introducingCNTs, besides form a 3-D

conductive network, the Co3O4

nanoparticles also gets smaller, which

maybe lead to the molecular interaction

force becomes more intense, reducing

the chance of their agglomeration and

getting the well-dispersed unique active

nanomaterials in the end. In addition, the

smaller the particle size, the mechanical

strength will be increased and the

surface area will be increased, which can

directly improve the stability and

activity of the catalyst. More importantly,

on account of among Co3O4, MnO2

nanotubes and CNTs may have strong

coupling effect that allow a better

diffusion of electrolyte and oxygen

through the empty spaces. Figure2(g)

shows a high resolution transmission



electron microscopy (HRTEM) image of

the interface between MnO2 nanotubes,

Co3O4 nanocrystals, and CNTs, it can be

found that the lattice spacing of 0.69 nm

corresponds to the (110) plane ofMnO2

(Joint Committee on Powder Diffraction

Standards file no. 44-0141), and the

lattice fringe of the (311) plane with a

lattice spacing of 0.24 nm for typical

Co3O4 nanoparticles (Joint Committee

on Powder Diffraction Standards file no.

42-1467). The HRTEM images of

Co3O4/MnO2-CNTs confirms the better

crystalline nature, with a nice

distribution of Co3O4 nanoparticles on

the MnO2 nanotubes surface surrounded

by CNTs[32].Further analyzing selected

area electron diffraction (SAED) pattern

(Figure2(h)), the four most-obvious and

important diffraction also can be

assigned to the(311), (422), (440) planes

of spinel Co3O4 and the (110) plane of

MnO2 for the hybrid Co3O4/MnO2-CNTs,

which all agrees well with the results

obtained from the XRD pattern in the

following paragraph.

Subsequently, from the TEM

elemental mapping (Figure 3(a-d)), the

results indicate that Mn atoms, Co atoms

and O atoms are overlapped and

surrounded by C atoms, providing

evidence of Co3O4/MnO2-CNTs

formation. In addition, we can see the

uniform distribution of Co, Mn, O and C

elements in the catalyst, indicating that

the introduced C elements is

homogeneously distributed in the

external area.

Figure 4(a) shows the X-ray

diffraction (XRD) profile of the MnO2,

Co3O4/MnO2, Co3O4/MnO2-CNTs-350,

it should be noted that all characteristic

diffraction peaks match well with the

standard peaks of these materials.The

XRD pattern

ofCo3O4/MnO2-CNTs-350compared to

that of Co3O4/MnO2and sole MnO2,

which is synthesized using the same

procedure, also exhibits these samples

crystallinity. However, the majority of

peaks are much broader in the case of

Co3O4/MnO2-CNTs-350, which

manifest smaller crystallites formed

because of the negligible change in the

structure with the addition of Mn

elementsand C into atoms the spinel of

Co3O4. For Co3O4/MnO2-CNTs-350

hybrid material (Figure 4(b)), the

diffraction peak at 36.9o, 55.7o and 65.2o,

can be indexed to (311), (422) and (440)



plane of Co3O4,the diffraction peaks at

12.8o, 18.1o, 28.8o, 49.8o and 69.7o, can

be indexed to (110), (200), (310), (411)

and (541) planes of MnO2, and the

diffraction peak at 27.7o and 62.0o, can

be indexed to (104) and (227) plane of

CNTs, respectively. It is obviously that

few peaks are not labeled, which

possibly generated the various

intermediate products during the whole

electrochemical reaction. The final

Co3O4/MnO2-CNTs-350 sample was

further characterized by

energy-dispersive X-ray spectroscopy

(EDS) (Figure 4(c)), where the

compositional analysis of the hybrid

catalyst gives Mn, C, O and Co contents,

again signifying a successful synthesis

of Co3O4/MnO2-CNTs-350. Figure 4(d)

shows the atomic percentages of Mn, C,

O and Co are about 15%, 27%, 34% and

10%, respectively.

To acquire the cationic oxidation

state and the surface chemical

composition of Co3O4/MnO2-CNTs-350,

X-ray photoelectron spectroscopy (XPS)

measurements were utilized and the

peak contained all the elements of the

nanomaterials (Figure 5(a)). Previous

studies reported the binding energy of

the C−C and C−H bonds to be at

284.5−285 eV, which could conclude

that the existence of oxygenate groups

lead to a positive peak shift [33].The

intensity of the peaks at 284.8 eV

originated from C−O interactions (inset

in Figure 5(a)), indicating the existence

of a stronger oxidized C environment

due to the oxide−nanocarbon

interactions, which are in agreement

with the reported literature

[25].Furthermore, revealing that possible

structural and componentialchanges in

the carbon mixed with the materials

owing to high peak of C 1s(Figure 5(a))

[34]. As expected, the XPS survey

spectrum given in Fig. 5(b-d) probes the

Co 2p, Mn 2p and O 1s peaks. Figure

5(b) shows the detailed scan of Co

2p3/2,the Co 2p3/2XPS spectrum displays

two major peaks Co(III) and Co(II), with

binding energy values at 780.8 and

781.6 eV, especially, the Co 2p3/2

component is centered at 780.3 eV,

which are in good agreement with the

previously reported data of Co 2p3/2

[24].Correspondingly, the atomic ratio

of Co(III)/Co(II) is close to 2, which is

consistent with the stoichiometric

formula of the spinel cobalt oxide



(CoCo2O4).The Co 2p1/2 spectral region

for the catalyst, revealing that the peaks

at 796.3 eV. These Co species could

correspond to the Co and cobalt

compounds 2p3/2 (2p1/2) spin orbit peaks,

respectively [35]. As shown in Figure

5(c) exhibits the Mn 2p spectra, the two

peaks were located at 642.4 and 654.2

eV and a spin-energy separation of 11.8

eV, which nearly belonged to the

reported data Mn 2p3/2 and Mn 2p1/2

inMnO2, respectively [24,36].The O1s

spectrum is represented by three peak

positions (Figure 5(d)). The peak

positions at 532.7 and 531.2eV may be

attributed to an incomplete reduction

and also the oxygen and water

molecules absorbed on the hybrid

nanomaterials surface. The peak at 530.2

eV conforms to most of the oxygen

species in the lattice comprising

theCo3O4/MnO2-CNTs-350 hybrid

nanomaterials[24,36].

3.2 Electrochemical testing

To have greater researching the

bifunctional catalytic activity of

as-prepared Co3O4/MnO2-CNTs catalyst

by linear sweep voltammetry (LSV)

with a rotating disk electrode in

O2-saturated alkaline electrolyte solution

(0.1 M KOH). Figure 6(a) shows the

LSV curves

withCo3O4/MnO2-CNTs-350,

Co3O4/MnO2, CNTs, MnO2 and the

commercial 20% Pt/C catalyst operated

at the same conditions. The ORR onset

potential of Co3O4/MnO2-CNTs-350

catalyst is 0.87 V, which is slightly

negative than 0.94 V of 20% Pt/C.

Whereas, the catalyst can give a more

positive onset potential than each

individual components (CNTs, MnO2)

and even a mixture of other

combinations (Co3O4/MnO2), which are

0.73 V, 0.63V and 0.64 V,

respectively.What’s more, at 0.2

V,Co3O4/MnO2-CNTs-350 exhibits a

catalytic ORR current density of 5.6 mA

cm-2 along with a defined

diffusion-limiting current plateau, which

is nearly close to the 20% Pt/C catalyst

(5.7mA cm-2) and verified the much

higher kinetic currents than other

nanomaterials for ORR. In a word, the

results indicate that

Co3O4/MnO2-CNTs-350 hybrid catalyst

have a similar ORR catalytic activity

behavior to 20% Pt/C catalyst and a

more effective ORR activity

thanCo3O4/MnO2, CNTs and MnO2. The



increased ORR activity could be

attributed to the beneficial interface

effect among the MnO2 nanotubes,

Co3O4 nanoparticles and CNTs networks.

As the previous literature mentioned,

most metal oxides usually have lower

electrical conductivity, the mixed CNTs

can help promote the electrical

conductivity of the Co3O4/MnO2

materials, which by itself is a modest

conductor [25].Beyond that the ORR

activity, excellent OER activity is also

more necessary for bifunctional catalysts.

As can be seen Figure6(b), the onset

potentials of OER are 1.59, 1.63, 1.71,

1.75 and 1.76 V

forCo3O4/MnO2-CNTs-350,Co3O4/MnO

2,CNTs,MnO2 and the commercial 20%

Pt/C catalyst, respectively. At 2 V, the

OER current densities

forCo3O4/MnO2-CNTs-350,

Co3O4/MnO2, CNTs, MnO2 and the

commercial 20% Pt/C catalyst are 30, 27,

15.5, 3.92 and 7.3mA cm-2, respectively.

Note that Co3O4/MnO2-CNTs-350 can

provide the minimal onset potential and

a much higher current density due to the

effectiveness of spinel, Manganese

dioxide and nanocarbon hybridization

strategy. And according to SEM picture

study, the Co3O4 nanoparticles are

responsible for high electrical

conductivity and high OER activity [24].

Therefore, it can be concluded that

Co3O4/MnO2-CNTs-350 catalyst has a

more active for ORR and OER in that

integration of metal oxides with CNTs

facilitates the formation of a conducting

network, accelerating the

electrochemical reactions on their

catalytically active sites. More

importantly, CNTs could also help to

disperse oxide nanocrystals to decrease

agglomeration and increase the

accessible surface area of the sample as

indicated by Figure2(d).

To test the influence of calcination

temperature on the catalytic

performance of the Co3O4/MnO2-CNTs

catalyst, in a further set of experiments,

we compared to the LSV curves with

as-prepared catalysts calcined in air at

250oC, 350oC, 450oC and 550oC,

respectively (Figure 6(c,d)). From

Figure 6(c), we can seethe onset

potentials of Co3O4/MnO2-CNTs-250

(0.86 V) andCo3O4/MnO2-CNTs-350

(0.88 V) are much closer, however, the

other catalysts exhibit more negative

onset potentials are 0.69 V and 0.57 V



for ORR. At 0.2 V, the current densities

of these four catalysts can reach about

4.35, 5.52, 3.38 and 2.21 mA cm-2,

respectively. The above results show

that the catalyst can have the best ORR

performances when they are synthesized

in air at 350oC. Too high or too low

temperature is not conducive for catalyst

performances. Under low temperature

conditions, the catalyst may possess a

better morphology but not completely

formed, but the high temperature may be

seriously destroyed the morphology of

the materials. Especially carbon/based-

catalyst, the carbon is easy to form

CO2in the air at high temperature which

greatly reduce the conductivity of the

catalyst. In the OER performance, the

Co3O4/MnO2-CNTs-350 hybrid catalyst

is the most catalytic activity of the four

catalyst samples. The OER onset

potential of Co3O4/MnO2-CNTs-350 is

1.59 V, which is 20mV more negative

than Co3O4/MnO2-CNTs-25 however,

other samples all show more positive

onset potentials. At 2 V, the order of

current densities is

Co3O4/MnO2-CNTs-350 >

Co3O4/MnO2-CNTs-250 >

Co3O4/MnO2-CNTs-450 >

Co3O4/MnO2-CNTs-550, corresponding

to 30, 26.8, 16.3 and 9.3mA cm-2,

respectively. Thus, we find the optimum

calcined temperature plays an important

role in bi-functional catalytic

performance.

In order to further understand the

reaction mechanisms (ORR) for

Co3O4/MnO2-CNTs-350 hybrid catalysts,

Koutecky−Levich plots under rotating

rates from 300 to 1200 rpm (Figure 6(e))

were analyzed at various electrode

potentials between 0.3 V and 0.45 V

(vs.RHE) by least-squares fitted slopes,

which was used to calculate the number

of electrons transferred (n) during ORR.

The analysis of the plot has resulted in

n=3.8, showing that the ORR catalyzed

by hybrid catalysts obeys a nearly

four-electron oxygen reduction pathway.

Apart from high activity,

Co3O4/MnO2-CNTs-350 also reveals

remarkable catalytic stability. From

Figure6(f), the chronoamperometric

response for 20% Pt/C electrode in

alkaline electrolyte expressed a gradual

degradation, with a current loss of nearly

76% after 20000s. On the contrary, the

retention of ORR current on

Co3O4/MnO2-CNTs-350 sustains 92%



after 20000 s, significantly higher than

that of 20%Pt/C, and also compares

favorably with some non-precious metal

catalysts[25,35]. Suggesting that the

firm contact of spinel, manganese

dioxide and CNTs, which can enhance

catalytic activity and stability. And

combined with Figure 2, it also proves

that the catalyst particle size and

stability has an important relationship.

The higher the stability of the catalyst

was corresponded to the smaller particle

size.

3.3 Primary Zn-air batteries

To practically verify that the

Co3O4/MnO2-CNTs materials could be

used as electrocatalysts for Zn–air

battery, as-prepared

Co3O4/MnO2-CNTs-350 samples as

ORR catalyst are loaded on the carbon

fibre paper electrode (air cathode) and

paired it with a 0.5 mm thickness Zn

plate (anode) in 6 M KOH (Figure7(a)).

From Figure 7(b), the battery delivers an

open circuit voltage of ~1.47 V, which is

much closer to theoretical voltage

(1.65V). At a voltage of 1.0 V, it exhibits

a high current density of 233 mA cm-2, A

peak power density of ~340 mW cm-2

could be obtained when the battery

works at 0.62 V. Both the current density

at 1.0 V and peak power density of the

battery with the Co3O4/MnO2-CNTs-350

catalyst are significantly superior to the

battery made with Pt/C. Besides, the

result is still higher than those of the

batteries assembled with other

non-precious catalysts reported in the

literature, which strongly demonstrates

the great potential of using

theCo3O4/MnO2-CNTs-350 as the

cathode catalyst for the Zn–air batteries

[37,38]. Furthermore, after

galvanostatically discharged at 10 mA

cm-2 for 230 hours, no evident the

battery voltage drop was found due to

the stability of Co3O4/MnO2-CNTs-350

for ORR (Figure7(c)). However, this is

in contrast to the battery with 20% Pt/C

in which a distinct voltage drop could be

observed when galvanostatically

discharged at 10 mA cm-2 for 97 hours.

As the galvanostatic discharge continues,

the Zn plate will gradually consume and

the electrolyte accumulate more and

more soluble zinc salts. Figure 7(d)

shows the specific capacity of the

batteries made

withCo3O4/MnO2-CNTs-350 are 775

mAh g-1, corresponding to a high energy



density 915 Wh kg-1 at a current density

of 10 mA cm-2, which suggests 93%

utilization of the theoretical capacity

(~830 mAh g-1) and these values are

better than previously reported

Co3O4/NBGHSs catalyst [39]. On the

contrary, the performance of 20% Pt/C is

apparently inferior to this catalyst. In

particular, its excellent performance is to

meet the people's demand for high

power supply. Therefore, it is clearly

concluded that the more potential use of

the Co3O4/MnO2-CNTs-350 as cathode

catalyst for ORR and the electrocatalyst

is also ideally suitable for ZABs owing

to its prominent activity and stability. In

a word, the catalyst showed excellent

performance, especially the surprising

stability.

3.4 Rechargeable Zn-air batteries

For the sake of examining the

potential of this optimized catalyst in

practical application, the rechargeable

Zn-air batteries were also constructed

and tested for charge and discharge

cycling performance using

Co3O4/MnO2-CNTs as the air cathode in

6.0 M KOH solution (Figure8(a)). The

results of the

Co3O4/MnO2-CNTs-350,Co3O4/MnO2an

d20% Pt/C samples with different

current rates adopting the

galvanodynamic method are shown in

Figure 8(b).The Co3O4/MnO2-CNTs

catalyst based air electrode in the

voltage gap is only 1.47 V, this value is

more ideal when compared to

Co3O4/MnO2 and the commercial 20%

Pt/C (1.65 V and 1.7 V at 100 mA cm-2,

respectively).The result testifies to the

excellent bifunctional activity and

stability of Co3O4/MnO2-CNTs during

the rechargeable Zn-air battery cycling.

Look from the details, the

Co3O4/MnO2-CNTs-350 hybrid

nanomaterials show similar discharging

activity with respect to 20% Pt/C,

demonstrating that its performance is

close to the benchmark materials in

ORR as certified by the linear sweep test

(Figure 6(b)).For another, during the

charge process, the hybrid catalyst

observably outperformed the 20% Pt/C

catalyst. Interestingly, as at a higher

potential, cyclic performance of 20%

Pt/C exhibits more enormous

degradation owing to various side

reactions like particle agglomeration,

surface oxide formation and detachment

of carbon from the support. On the



contrary, in the case of

Co3O4/MnO2-CNTs-350 hybrid was

observed due to the strong chemical

coupling among Co3O4/MnO2 tubes and

CNTs network. FromFigure8(c), we can

see the ZAB made with

Co3O4/MnO2-CNTs-350 has a better

performance when the cycle time is

short and the current density is small (10

mA cm-2 and 10 minutes per cycle). The

charge–discharge (C-D) voltage gap is

as small as 0.9 V, which is only

increased to 1 V after 504 cycles (or 84

hours equivalent). Again no obviously

voltage variation can be discerned on

C-D segments. The result is better than

recently reported rechargeable ZABs

using other non-precious catalyst

[11,38,40,41]. Subsequently, the

rechargeability of the

Co3O4/MnO2-CNTs-350, Co3O4/MnO2

and 20% Pt/C nanomaterials catalyst

was further evaluated under discharging

and charging time of 1 hours in each

state at a current density of 50 mA cm-2

(Figure8(d)).The voltage gap of zinc air

battery assembled with

Co3O4/MnO2-CNTs-350 catalyst

exhibits much better performance and

higher cycling stability compared that

other catalyst-based zinc air battery,

which can be attributed to its high ORR

and OER activities.This may be related

to the special 3-D hollow structure of the

catalyst, and we have reason to think

that the catalyst with small particle size

can effectively restrain the catalyst from

falling off, the powder and the

attenuation. Moreover, we noticed

thatCo3O4/MnO2-CNTs-350 showed

higher round trip efficiency than other

catalyst for discharging and charging

reactions (Table 1). It should be

mentioned that greatly decreases the

overpotentials associated with these

reactions thereby preventing catalyst

degradation owing to outstanding

bi-functional catalytic activities and

stabilities. Furtherly indicating that the

Co3O4/MnO2-CNTs-350 catalyst could

be applied in high performance

rechargeable zinc air batteries. In

particular, its excellent performance

meets the needs of new energy sources

such as electric vehicles and energy

conversion devices.

4. Conclusions

In this work, we have successfully



prepared MnO2 nanotube-supported

Co3O4 nanoparticles and its carbon

nanotube hybrid material

(Co3O4/MnO2-CNTs) through a simple

co-precipitation method combined with

post-heat treatment. Subsequent

integration of Co3O4/MnO2 with CNT

materials created efficient ORR/OER

bifunctional catalysts with comparable

ORR activity and superior OER activity

with regard to the commercial 20% Pt/C.

Especially, it displays outstanding

bifunctional ORR/OER activity and

cyclic stability than other materials such

as Co3O4/MnO2, MnO2 nanotubes and

CNTs, which can attribute to strong

hybrid effect among MnO2 nanotubes,

Co3O4 and CNTs. In addition, both

primary and rechargeable Zn-air

batteries assembled with this

Co3O4/MnO2-CNTs-350 catalyst show

the highest performance in terms of

open cell voltage, power density and

cycle-life when compared to other

catalysts. Therefore, we firmly believe

that Co3O4/MnO2-CNTs-350 could be

used as effective electrocatalysts for

high performance rechargeable zinc air

batteries and allow highly practical and

scalable preparation of the catalyst

materials in that simple process and

effective cost.
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Figure captions

Fig.1 Illustration of the formation of 3-D

hollow Co3O4/MnO2-CNTs-350

bifunctional cathode catalyst

Fig.2(a,b) SEM image of

Co3O4/MnO2hybrid catalyst; (c,d) SEM

image of Co3O4/MnO2-CNTshybrid

catalyst; (e) TEM image of Co3O4/MnO2

hybrid catalyst; (f) TEM image of

Co3O4/MnO2-CNTs hybrid catalyst; (g)

HRTEM image of Co3O4/MnO2-CNTs

hybrid catalyst; (h) selected area

electron diffraction (SAED) pattern

ofCo3O4/MnO2-CNTs.

Fig.3TEM elemental mapping of

(a)Co−K edge(inset TEM image of

Co3O4/MnO2-CNTs catalyst); (b)Mn−K

edge; (c)O−K edge; (d)C−K edge in the

same rectangular red field.

Fig.4 (a) XRD patterns of MnO2,

Co3O4/MnO2, and

Co3O4/MnO2-CNTs-350 hybrid

nanomaterials; (b) XRD pattern of the

Co3O4/MnO2-CNTs -350 hybrid

nanomaterial; (c) EDS spectrum of the

Co3O4/MnO2-CNTs-350 hybrid

nanomaterials; (d)The atomic

percentages of the

Co3O4/MnO2-CNTs-350 hybrid

nanomaterials (Mn, C, O and Co).

Fig.5XPS spectrum of

Co3O4/MnO2-CNTs-350 composite (a)

Overall spectrum, inset shows a high

resolution C 1s spectrum.

High-resolution curves of(b) Co 2p

region, (c) Mn 2p region and (d) O

1sregion.

Fig.6 (a)ORR polarization curves of the

commercial 20% Pt/C, CNT, MnO2,

Co3O4/MnO2 and

Co3O4/MnO2-CNTs-350 hybrid catalyst;

(b) OER polarization curves of the

commercial 20% Pt/C, CNT, MnO2,

Co3O4/MnO2 and

Co3O4/MnO2-CNTs-350 hybrid catalyst;

(c) ORR polarization curves

ofCo3O4/MnO2-CNTshybrid catalysts

synthesized at different calcined

temperatures; (d) OER polarization

curves ofCo3O4/MnO2-CNTshybrid

catalysts synthesized at different

calcined temperatures; (e)

Co3O4/MnO2-CNTs-350 hybrid catalysts

loaded



on glassy carbon RDE in O2-saturated 0.1 M KOH at various rotation rates (The

insets show the corresponding Koutecky−Levich plots at different potentials);

(f)chronoamperometric responses of Co3O4/MnO2-CNTs-350 and Pt/C electrodes at

0.30 V in an O2-saturated 0.1 M KOH solution.

Fig.7 (a)A home-made Zn-air battery; (b) Polarization curve and corresponding

power density plots of the primary Zn-air battery using the commercial 20% Pt/C

andCo3O4/MnO2-CNTs-350; (c) Long-time discharge curve of a primary batteries

using Co3O4/MnO2-CNTs-350 and the commercial 20% Pt/C cathode catalyst at 10

mAcm-2; (d)Typical discharge curves of primary Zn-air batteries with the

Co3O4/MnO2-CNTs-350 and the commercial 20%Pt/C hybrid nanomaterial as the

cathode catalyst under continuous discharge until complete consumption of Zn at 6M

KOH. Specific capacity was normalized to the mass of consumed Zn.

Fig.8(a) A schematic Illustration of the rechargeable Zn-air battery (ZAB); (b)Charge

and discharge polarization (V-i) curves of the bi-functional electrode Zn-air battery

using Co3O4/MnO2-CNTs-350, Co3O4/MnO2 and the commercial 20% Pt/C

nanomaterials as the cathode catalysts; (c) Cycling data at 10 mA cm-2 in short cycle

periods (10 minutes per cycle); (d) Cycling data at 50 mAcm-2 in cycle periods of 2

hours per cycle of the bi-functional electrode Zn-air battery using

Co3O4/MnO2-CNTs-350, Co3O4/MnO2 and the commercial 20% Pt/C nanomaterialsas

the cathode catalysts (Zinc plate with a thickness of 0.5 mm as the anode).
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Table 1 Summary of charge of discharge potential gap and round trip efficiency of
hybrid Co3O4/MnO2-CNTs-350, Co3O4/MnO2 and the commercial 20% Pt/C with a
current density of 50mA cm-2 (1h charge, 1h discharge).

Co3O4/MnO2-CNTs-350 Co3O4/MnO2 Pt/C
1st

cycle
14th

cycle
1st

cycle
7th

cycle
1st

cycle
6th

cycle

Potential
gap (V)

0.91 0.93 0.92 1.31 1.22 1.82

Round trip
efficiency

(%)

55 54 55 46 45 29



The template-free synthesis of hierarchically porous

anatase TiO2 via acid-etching for enhancing the

cycling stability and reversible capacity of lithium ion

batteries
Xiaobing Wang,a Zhichao Jia,a Fuyuan Liu,a Huijun Liang,a,b Xinxin You,a Kui Wang,a Xiangdong Lou,*,a Wei Shuang,a Lichun

Xiao,a Bibo Cai c and Lin Yang*,a

Although anatase TiO2 has good performances in many applications, it is very difficult to synthesize nanocrystalline anatase TiO2 with high specific surface

areas. Herein, a two-dimensional hierarchically porous anatase TiO2 with specific surface areas of 486 m2 g-1 is fabricated through acetic acid etch and

facilitate the crystal phase transition of amorphous TiO2. The ranges of pore size are 2~6 and 15~80 nm, the pore diameter centers are 3.5 and 45 nm,

respectively. As the anode materials for lithium ion battery, the initial discharge capacity of hierarchically porous anatase TiO2 reaches to 449 mAh g-1 at a

current rate of 0.1 A g-1 and retain 191 mAh g-1 after 60 cycles, especially the discharge capacity of 42 and 35 mA h g-1 can be resumed after 750 cycles at

the current rate of 1 and 5 A g-1, exhibiting a high electrochemical stability and a high reversible capacity. The further research reveals that the fabrication of

hierarchically porous anatase TiO2 depends on the adding amount of HAc and pH value in solution.

1. Introduction

Hierarchically porous materials with high specific

surface areas have many excellent properties in

catalysis, separation, energy conversion and

storage.1,2 One reason is that larger pores can

facilitate rapid reactants transport, while smaller

pores can provide high specific surface areas for

reactant adsorption/desorption and more reaction

sites.3 For example, in lithium ion battery (LIBs),

hierarchically porous materials can improve lithium

ion transport in the electrode, facilitate charge

transport across the electrolyte/electrode interface,

and reduce transport path lengths of lithium ion

diffusion, leading to excellent capacity and cycling

performance.4, 5 The other reason is that the high

specific surface areas of materials also can enhance

their adsorption capability, generate the much more

active sites (such as oxygen vacancies),6 provide a

large interface for any type of reaction.7, 8

TiO2 nanoparticles have many significant

advantages in LIBs,9, 10 such as small volume

expansion (<4%) and high charge/discharge current

rates,11 high thermal and chemical stability,12, 13

eliminating the influence of the solid-electrolyte

interphase (SEI) layer,14 etc. Unfortunately, the

aggregation of TiO2 nanoparticles during the

charge–discharge process suffers a serious challenge

in practical application.15 To address this issue, one

of protocols is purposely designing the nano/micro

hierarchical structures.16-18 So far, many TiO2

hierarchical microstructures have been prepared by

various methods,19 such as

hydrothermal/solvothermal,20, 21 templates method,

and hydrolysis of precursor,5, 22,23 etc. However, there

are very few reports about the hierarchically porous

anatase TiO2 (TiO2-HNPs). Up to now, we have not

found a report for the acid-etched synthesis of

TiO2-HNPs.

In addition, Anatase TiO2 shows a high rate

capability and good cycle stability because it

provides fast lithium-ion insertion/extraction

pathways along the a and b axes,24 so that anatase

TiO2 showed more excellent electrochemical

performance than the anatase/rutile TiO2 and the

amorphous TiO2.25 However, for the high specific

surface areas of anatase TiO2, it is easy to fabricate



for the specific surface areas of less than 250 m2

g–1,22, 26 as same as amorphous TiO2 of 543 m2

g–1.27,28 Unfortunately, for the amorphous TiO2, the

poor electrical conductivity is disadvantageous when

it severs as the substrate 29, 30 or the electrode

materials.25, 31, 32 However, the achievement of perfect

crystallized TiO2 usually conflicts with the

achievement of high specific surface areas.33 For

example, in order to improve the crystallinity of TiO2,

an annealing step with temperature at higher than

300 ℃ is usually used.34 But annealing step can lead

in most cases to a collapse of the pore system and an

increase of the particle size along with a decrease of

the specific surface area, so this strategy is not suit to

synthesize the high specific surface areas materials.7

Up to now, very few groups reported anatase TiO2

nanoparticles with specific surface areas of above

250 m2 g–1 or porosity based on an

aqueous-processed approach.35,36 It also suggests that

the synthesis of anatase TiO2 with high specific

surface areas is still a difficult challenge.37

In this work, we demonstrate a simple but efficient

acetic acid etched process to fabricate TiO2-HNPs of

486 m2 g-1. Unlike previous approaches mentioned

above which mainly involve calcinations processes,7

our strategy is based on a fast etched and crystal

transformation process from amorphous to anatase

TiO2 in the solution through acetic acid (HAc)

regulation. Except for the high specific surface areas,

TiO2-HNPs also possess two-dimensional

hierarchically porous structure and nanoparticles of

4~9 nm. It showed excellent electrochemical stability

and reversible capacity even at high-rate

charge-discharge process. It suggests that TiO2-HNPs

is favourable for improving the lithium storage

properties of TiO2.

2. Experimental Section

2.1 The synthesis of TiO2-HNPs

In a typical procedure, 15 mL of tetrabutyl titanate

(TBT, Aladdin Industrial Corporation) was added to

ethylene glycol (HOCH2CH2OH, Sinopharm

Chemical Reagent Co., ltd.) of 100 mL under

vigorously magnetic stirring for 30 min. Then the

solution was heated at 164 ℃ for 2 hours to form the

white precursor and let it stand for over 4 h, the white

precipitate (TiO2-A) was deposited at the bottom of

flask. After that, about 50 mL the supernatant fluid

was removed and 1 mL HAc (CH3COOH, Chemical

Reagent Company of Tianjin) solution (3 M) was

added to the flask. Then the flask was reheated at 107

℃ for 2h under vigorous magnetic stirring. After

cooling down to room temperature, the precipitate

was centrifuged and washed with deionized water

and absolute ethanol several times, then dried at 100

℃ for 10 h. The as-obtained sample was denoted as

TiO2-P.

The TiO2-P (2 g) was added to deionized water

(about 200 mL) in the photochemical reactor and

sonicated for 30 min, then subjected to the ultraviolet

(UV) light irradiation for 2 h, which was open to air.

The produce was centrifuged and washed with

deionized water and absolute ethanol three times,

respectively, and dried at 100 ℃ for 10 h. The

TiO2-HNPs was obtained.

2.2 Photochemical reactor

The photochemical reactor used in the present

study consisted of a water-cooled jacket quartz

cylindrical cell, which was illuminated from an

internal light source with about 1 cm optical path

length. The UV light source was a 500 W

high-pressure mercury lamp (main output 365 nm).

2.3 Electrochemical measurements

The electrochemical measurements were

performed using Coin-type half cells (2016-type).

The working electrodes were prepared by mixing

as-prepared samples, carbon black (Super P) and



polyvinylidene fluoride (PVDF) binder (70:20:10 by

weight) in N-methylpyrrolidinone (NMP) to form a

slurry. Then the obtained slurry was coated onto

copper foil using doctor blade and dried at 120 ℃ for

12 h. Lithium metal foil was used as a counter

electrode. The cell was assembled in an argon-filled

glove box. The electrolyte was 1 M LiPF6 in a

mixture of ethylene carbonate (EC) and dimethyl

carbonate (DMC) (1:1 v/v). Cyclic voltammetry (CV)

measurements were conducted using CHI660D

Electrochemical Workstation at a scanning rate of 0.1

mV s-1 at room temperature. The impedance spectra

were recorded on a CHI660D Electrochemical

Workstation by applying a sine wave with amplitude

of 5.0mV over the frequency range from 100kHz to

0.01Hz. Galvanostatic charge/discharge measurement

was carried out on a LAND CT2001A battery-testing

instrument at various current rates in the potential

range of 1.0 to 3.0 V.

2.4 Structural Characterization

A Bruker advance-D8 X-ray diffraction (XRD)

equipped with Cu Kα radiation (λ=0.154178 nm) was

used to characterize the crystal structures of

TiO2-HNPs. A JEOL JSM-6390LV scanning

electronic microscopy (SEM,) and JEM-2100

transmission electron microscope (TEM,) were used

to investigate microstructures and morphologies of

TiO2-HNPs. The chemical state of TiO2-HNPs was

examined by X-ray photoelectron spectroscopy (XPS)

on a VG Scientific ESCALABMKLL spectrometer

using Al Kα X-ray source (10 mA, 15 kV). The

Brunauer-Emmett-Teller (BET) specific surface area

and Barrett-Joyner-Halenda (BJH) pore size

distribution of TiO2-HNPs were determined by

nitrogen adsorption-desorption measurement at 77 K

using a Micromeritics ASAP 2020 system..

Thermogravimetric analysis (TGA) measurements of

TiO2-HNPs were performed on a STA449C Analyzer

(NETZSCH, Germany) with a heating rate of 2.4 ℃

min-1 under a flow of air gas. Fourier transform

infrared spectrographs (FT-IR) of samples were

recorded on a Bio-Rad FTS-40 Fourier transform

infrared spectrophotometer in the wavelength range

of 4000−400 cm−1. The dried samples were mixed

with KBr for all FT-IR measurements.

3. Results and Discussion

Scheme 1. Schematic illustration of the possible process for the formation of hierarchically porous anatas TiO2.

The TiO2-HNPs was synthesized by a facile

solution chemistry method. As depicted in Scheme 1,

TBT and EG are mixed together and form amorphous

TiO2 (TiO2-A), and the size of TiO2-A particles is big

and easy aggregation. Then, the TiO2-A particles will

be etched by HAc, and form anatase TiO2 (TiO2-P)

nanoparticles with good dispersion. In this process,

the crystal phase of TiO2 will transform from

amorphous to anatase because reducing the organic

residue of TiO2-A, it also results in decreasing the

size of TiO2-P. The mesoporous will be obtained in

the area of removing organic residue, and a few the

aggregations of mesoporous TiO2-P nanoparticles

can form hierarchically porous structure. Under the

UV irradiation, the organic residue is further reduced,

and more mesoporous are obtained, so that the

specific surface area of TiO2 can be further increased.

More the hierarchically porous structures are

obtained through mesoporous TiO2 nanoparticles link

each other.



Fig. 1 The XRD patterns of as-prepared TiO2 samples. (a) TiO2-A, (b) TiO2-P, (c) TiO2-HNPs.

As shown in Fig. 1, XRD pattern of TiO2-A (Fig. 1a)

exhibit the broader and lower intensity of the

diffraction peaks, indicating the poor TiO2 crystal

nature of the compound. For TiO2-P (Fig. 1b) and

TiO2-HNPs (Fig. 1c), all of the strong diffraction

peaks can be indexed to the anatase phase TiO2

(JCPDS No. 21-1272). It suggests that the TiO2-A is

amorphous phase, and the HAc can facilitate the

crystal phase transition of TiO2 form amorphous (Fig.

1a) to anatase phase (Fig. 1b). The average grain

sizes of the TiO2-P and TiO2-HNPs calculated along

the (101) plane using the Scherrer formula are about

7 nm.

Fig. 2 FESEM and TEM images of TiO2-HNPs. (a), (b) FESEM images; (c) TEM images, the inset is SAED of

TiO2-HNPs; (d) HRTEM images, the representative mesoporous are indicated by the red arrow.

The FESEM image of TiO2-HNPs is shown in Fig.

2a, in which TiO2-HNPs appear irregular block shape

with the size from 1 to 5 μm. With increasing the

magnification, it can be seen that the irregular block

is composed of nanoparticles and mesopore (Fig. 2b).

The size of nanoparticles is from 40 to 70 nm. The

representative TEM image of the TiO2-HNPs is

shown in Fig. 2c, in which TiO2-HNPs appear

irregular shaped nanoparticles with about 50 nm. The

high-resolution TEM image (HRTEM) shows that

TiO2-HNPs is composed of many smaller

nanoparticles (secondary nanoparticles), the size of

secondary nanoparticles is 4-9 nm, and there are

many mesoporous of 3-5 nm in TiO2-HNPs (The

representative mesoporous are indicated by the red

arrow.). The typical lattice fringe spacing of

TiO2-HNPs is shown in Fig. 2d. The lattice fringe

spacing of 0.24 nm can be assigned to the (004)



crystal plane of anatase TiO2. The ring patterns of the

selected area electron diffraction (SAED) image

(insets of Fig. 2c) also confirm that TiO2-HNPs is the

anatase phase, corresponding to the XRD pattern of

TiO2-HNPs (Fig. 1c).

Fig. 3 (a) N2 adsorption–desorption isotherms and (b) the corresponding pore size distributions of as-prepared TiO2

samples. TiO2-A (black), TiO2-P (red), TiO2-HNPs (blue).

The hierarchically porous structures of TiO2 can be

confirmed by Nitrogen adsorption/desorption

experiment. As shown in Fig. 3a, the N2

adsorption/desorption isotherms of TiO2-A (black)

show a type I isotherm, but the TiO2-P (red) and

TiO2-HNPs (blue) show the type IV isotherm.38 It

means that TiO2-A could contain many microporous,

the TiO2-P and TiO2-HNPs show characteristics of

mesoporous materials. Their pore size distributions

are showed in Fig. 3b. For the TiO2-A (black), there

is not hierarchically porous structure. For TiO2-P (red)

and TiO2-HNPs (blue), they all contain two regions

of pore size distribution, indicating that TiO2-P and

TiO2-HNPs are the two-dimensional hierarchically

porous structure. One is from 2 to 6 nm, and the other

is from 15 to 80 nm. The mesopore of TiO2-HNPs is

more obvious than the TiO2-P, its pore diameter

centers at 3.4 nm and 45 nm, respectively. It means

that TiO2-HNPs is not only mesoporous material but

also two-dimensional hierarchically porous structure.

For the TiO2-A, TiO2-P and TiO2-HNPs, their

specific surface areas, pore volume, and average pore

size are listed in Table 1 according to the Nitrogen

adsorption/desorption experiment.



Table 1. The BET surface area, pore volume and average pore size of the as-prepared TiO2.

The products

BET

surface area

[m2 g-1]

Total pore

volume

[cm3 g-1]

Average

pore size

[nm]

TiO2-A 432.37 0.23 2.17

TiO2-P 473.41 0.44 3.72

TiO2-HNPs 486.59 0.42 3.42

As can be seen from Table 1, the specific surface

areas of as-prepared TiO2 are gradually increase from

TiO2-A to TiO2-HNPs. Moreover, TiO2-HNPs exhibit

higher specific surface area or pore volume compared

to the previous reports.22, 39, 40

Fig. 4 TGA curve of TiO2-P (a, black) and TiO2-HNPs (b, red) in air gas flow.

Fig. 4 shows the thermogravimetric analysis (TGA) curve of as-prepared TiO2-P and TiO2-HNPs under a

flow of air gas. For the TiO2-P (Fig. 4a) and TiO2-HNPs (Fig. 4b), they all have a two-step pattern for weight

loss in the temperature range of 20 to 250 ℃ and 250 to 600 ℃, respectively. The weight loss 7.5% (TiO2-P)

and 10% (TiO2- HNPs) at the first stage of 20–250 ℃ may be attributed to the removal of physically adsorbed

water molecules and EG molecules on the particle surface.41,42 In the range of 250–600 ℃, the weight loss 20%

(TiO2-P) and 6% (TiO2-HNPs) may mainly associated with the removal of chemically bonded EG molecules

and the degradation of organic groups (butoxy groups and those are originated from EG).42,43 It is well known

that more organic residue is not advantage for electrical conductivity. The result indicates that an amount of

organic matter can be removed by UV irradiation, and the amount of organic residue can be reduced to about 6

wt. %. Meanwhile, it means that the weight percent of active material should be 72.5% and 84% for TiO2-P and

TiO2-HNPs, respectively.



Fig. 5 Survey scan XPS spectrum of TiO2-HNPs (a) and high resolution XPS spectra in the vicinity of the Ti 2p (b), O 1s

(c), and C 1s peaks (d).

The chemical composition and surface state of

TiO2-HNPs were investigated by XPS. The survey

spectrum of TiO2-HNPs is shown in Fig. 5a, peaks of

Ti, O, and C can be clearly observed, and no peaks of

other elements. The high resolution XPS spectra of

Ti, O, and C elements are shown in Fig. 5b, c, and d,

respectively. In Fig. 5b, there are two peaks located

at 465.0 and 459.3 eV with a peak separation of 5.7

eV, indicating the Ti4+ oxidation state.44,45 The O 1s

spectrum (Fig. 5c) can be fitted into three peaks that

correspond to Ti-O, C-O, and O-H with binding

energies of 530.7, 531.2, and 532.9 eV,46 respectively.

Similarly, the high-resolution C 1s XPS curve (Fig.

5d) can be resolved into three peaks at 285.3, 286.4,

and 289.7 eV, which are assigned to the C−C, C−O,

and O=C groups, respectively.47 They could come

from the butoxy residue of TBT.

Fig. 6 The FT-IR spectra of (a) TiO2-A, (b) TiO2-P, (c) TiO2-HNPs.



Fig. 7 Schematic illustration of the possible process for the formation of mesoporous anatase TiO2 nanosize hierarchical

particles

The FT-IR spectra of the as-prepared TiO2-A, TiO2-P,

and TiO2-HNPs are shown in Fig. 6. For all the

samples, the strong absorption bands at ~ 3387 cm-1

and ~ 1632 cm-1 can be attribute to the stretching and

bending vibration of the -OH group of absorbed

water molecules.14 An absorption band in the

2972-2865 cm−1 range due to C−H stretching.48 The

absorption band at ~1049 cm-1 corresponds to the

C−O stretching vibration, and the wide peaks at

400−900 cm- 1 is attributed to the stretching vibration

of Ti−O−Ti bonds in crystalline TiO2.49 However, for

TiO2-P (Fig. 6b), the emergence of asymmetric and

symmetric stretching vibrations of the carboxylic

group centered at 1717 cm-1 (weak), 1540, and 1441

cm-1 indicate the formation of a titanium-containing

complex.50 It reveals that the organic residues of

amorphous TiO2 include the carboxylic group, it

should come from HAc. But after UV irradiation, the

absorption bands of the carboxylic group disappear,

which also suggests that the HAc could play an

important role in forming TiO2-HNPs.

Therefore, we speculate that the crystallinity of

TiO2 could be deeply affected by the organic residues

of amorphous TiO2, and the crystallinity of TiO2

could be improved through removing these organic

residues. Because there is no other substances in the

first reaction (TiO2-A) except TBT and EG, the

reaction equations can be formulated as follows:51

Ti(OCH2CH2CH2CH3)4+2HOCH2CH2OH

→Ti((OCH2)2)2+4CH3CH2CH2

CH2OH (1)

Unfortunately, the resultant Ti((OCH2)2)2 (TG) are

quite stable and can be kept for a long period of

time.51 It need to develop a suitable method for

decomposing the TG unit of amorphous TiO2, such

as the microwave heating,51 light-induced,40

hydrothermal 52 or heating hydrolysis treatment,22

and so on. Those methods can reduce a limited

number of organic residues, so that the annealing is

necessary step for their application further. In this

work, when the HAc is introduced, the hydrolysis

reaction of TG can be formulated as follows:

Ti((OCH2)2)2+4H++4CH3COO-

→ Ti(OH)4 +

2CH3COOCH2CH2OOCCH3 (2)

CH3COOCH2CH2OOCCH3+2H2O

→HOCH2CH2OH+2 CH3COO-+2H+

(3)

Ti(OH)4→TiO2↓+2H2O

(4)40, 51

According to the FT-IR spectra, vibration signals

(1700 cm-1) of the carboxylic group are very weak in

the FT-IR spectra of TiO2-P (Fig. 6b). It suggests that

the Equation 3 is a very fast reaction, so that there are

very few CH3COO- in TiO2-P. Therefore, this process

could be depicted in Fig. 7.

In this proces, the -CH2CH2- unit of TG is cut off

by H+ and CH3COO-, so that the crystallinity of TiO2

could be improved. Meanwhile, the pore is formed in

the site of -CH2CH2- unit. It means that the H+ ion

could play a catalytic role in the hydrolysis reaction

of TG (Equation 2 and 3) and the amount of H+ ion

could be important to form anatase TiO2. According

to this view, the crystallinity of TiO2 could be

explained by the amount of H+ ion. More Ti-O-C

bonds break and form Ti-O-H when the amount of H+

ion is enough. The result is that the Ti(OH)4 is

obtained and further form anatase TiO2 (equation 4).

When the amount of H+ ion is not enough, one Ti

atomic can not form four Ti-O-H bonds so that the

crystallization of amorphous TiO2 is not perfect.

The change of morphology can further confirm

that HAc play an important etching role in forming

mesoporous structure. As shown in Fig. 8, the sizes



of TiO2-A particles are more than 100 nm and

aggregate easily (Fig. 8a and b). The size ranging of

TiO2-P is from 20 to 70 nm (Fig. 8c and d). It

suggests that the volume of particles is reduced when

transition from the amorphous (TiO2-A) to anatase

(TiO2-P). It should come from the hydrolysis reaction

of TG. Because TiO2-A contain organic residues

(-CH2CH2- unit) so that the volume of TiO2-A is

bigger before the hydrolysis reaction. The extra space

will form mesoporous in the surface of TiO2-P when

the -CH2CH2- units are removed in the hydrolysis

reaction. In this case, the volume of TiO2-P is

decreased because aggregation of TiO2 nanoparticles.

The finally result is that TiO2-A is etched and

generate mesoporous, so that the volume of TiO2-P is

smaller than the TiO2-A.

Fig. 8 TEM and HRTEM images of the as-prepared samples. (a) and (b) TiO2-A; (c) and (d) TiO2-P

Fig. 9 (a) The XRD patterns of as-prepared TiO2 sample in the different amount of 98 wt % H2SO4, (b) The relation

curve between the specific surface areas and the amount of 98 wt % H2SO4, (c) The XRD patterns of as-prepared TiO2

sample in the different amount of 3 M HAc, (d) The relation curve between the specific surface areas and the amount of

3 M HAc.

The formation mechanisms of the anatase phase

and hierarchically porous structures are also explored

through control experiment of adding H2SO4 rather

than HAc. When the H2SO4 was used as the resource

of H+ ion, it could also facilitate the phase transition

of TiO2 from amorphous to anatase. As shown in Fig.

9a, the anatase TiO2 can also be obtained when 98%

H2SO4 of 1 mL is added to the reaction system.

Moreover, the crystallinity of anatase TiO2 is

improved with increasing the amount of H2SO4 (Fig.

9a, from 0.1 mL to 1 mL). However, this is

unfavorable for obtaining the high specific surface



areas of TiO2, because the specific surface areas of

TiO2 decrease gradually with increasing the amount

of H2SO4 (Fig. 9b). It means that this reaction system

needs a proper pH value.

Fig. 10 TEM and HRTEM images of as-prepared TiO2 sample in the different amount of 98wt% H2SO4. (a) 0.5 mL, (b)

0.75 mL, (c) 1 mL, (d) the corresponding pore size distributions of as-prepared TiO2 sample.

In this work, the pH value of reaction system is

about 3.3 (Fig. 9d), the anatase TiO2 can be formed.

If not, the as-prepared sample is amorphous TiO2 or

the crystallization of TiO2 is not perfect (Fig. 9c, 0.5

and 0.75 mL.). Hence, pH=3.3 is a proper pH value

for obtaining excellent crystallinity and the specific

surface areas of TiO2 in this reaction system.

However, the dispersity of TiO2 nanoparticles is good

(e.g. Fig. 10a, b and c) under the action of H2SO4,

and only mesoporous TiO2 were obtained instead of

two-dimensional hierarchically porous TiO2 (Fig.

10d). It means that the CH3COO- could play an

important role in forming two-dimensional

hierarchically porous TiO2.

The lithium storage performances of TiO2-P and

TiO2-HNPs were evaluated by the electrochemical

performance in LIBs. As shown in Fig. 11a, the

representative cyclic voltammograms (CVs) of the

TiO2-HNPs show two pronounced current peaks at

1.67 V (cathodic sweep) and 1.99 V (anodic sweep)

for the first cyclic at room temperature. The interval

spacing between the cathodic/anodic peaks are about

the 0.32 V, it is much lower than 0.49 V in the

previous literature.53 It indicates that the lithium

inserting reaction of TiO2-HNPs is more easily,53,54

because the peak separation is determined by the

overpotential required for the transformation between

TiO2 and LixTiO2.54 The pairs of cathodic/anodic

peaks are about 1.72 V/2.01 V and 1.69 V/2.03 V in

the subsequent scans. The ratio of anodic to cathodic

peak currents is nearly 1, it demonstrates that this

redox system remains in equilibrium throughout the

potential scan, and Li+ intercalates and deintercalates

reversibly.53,55

The charge–discharge voltage profiles of

TiO2-HNPs electrode at the different current densities

are shown in Fig. 11b. There are two voltage plateaus

appear at about 1.7 and 2.0 V during the discharge

and charge processes, respectively. The results are

generally consistent with the above CVs analysis. As

shown in Fig. 11b, the initial discharge of

TiO2-HNPs is 449 mA h g-1 and the subsequent

charge capacity is 244 mA h g-1at a current density of

0.1 A g-1, which corresponds to 1.3 Li inserted per

formula unit of TiO2 and about 0.7 Li extracted,

leading to a coulombic efficiency of 54%.

TiO2-HNPs electrode presented similar coulombic

efficiency at the other current densities, it



Fig. 11 Electrochemical properties of TiO2-P and TiO2-HNPs. (a) Representative cyclic voltammograms (CVs) of

TiO2-HNPs at a scan rate of 0.1 mV s-1 for the first, second, and third cycles. (b) Charge–discharge profiles of

TiO2-HNPs at a current rate of 0.1, 0.5, 1, and 5 A g-1. (c) Nyquist plots of the different TiO2 electrodes, the inset shows

equivalent circuit for the impedance spectrum, the solid lines are the fitted curves. (d) Cycling performance of TiO2-P

and TiO2-HNPs at various charge–discharge rates. (e) Cycling performance of TiO2-P and TiO2-HNPs at the different

current rate. All of the measurements were conducted using a voltage window of 1.0–3.0 V.

should owe to the hierarchically porous structure of TiO2-HNPs and the formation of a Li2Ti2O4 phase.56, 57 The

Li2Ti2O4 crystals should prefer to further facilitate the Li+ insertion/desertion capability of the TiO2-HNPs

electrode, leading to the excellent capacity retention and superior rate performance.58

Table 2. The circuit used to fit the EIS spectra and the fitted values for the corresponding components in the equivalent

circuit.

Samples Rs/Ω RSEI/Ω Rct/Ω Rcell/Ω

TiO2-P 3.2 210.0 8.7 221.9

TiO2-HN

Ps

6.7 182.1 25.7 214.5

The Electrochemical impedance spectroscopy (EIS)

measurements were carried out to further understand

the lithium storage performances of the as-prepared

TiO2 samples. The Nyquist plots were shown in Fig.

11c, they were collected from 100 kHz to 10 mHz.

After fitting the Nyquist plots with the typical circuit

model 59-61 (inset of Fig. 11c), the resistances

parameters were listed in Table 2. The transfer

resistances (Rct) of TiO2-P and TiO2-HNPs electrodes

are 8.7 and 25.7 ohm, respectively, suggesting that

the electron transference for the former is prior to

that of the latter 62. This may be ascribed to that the

disperse nanoparticles of TiO2-P can improve the

amount of contact area between TiO2 and conductive



carbon additive, and enhance electrolyte transport

and lithium ion diffusion 63. However, the amount of

organic residue in TiO2-P is more than TiO2-HNPs

(Fig. 4), so that the electron transfer resistance

(RSEI)59,61 is bigger than TiO2-HNPs.

As shown in Fig. 11d, the TiO2-P and TiO2-HNPs

display good capacities retentions at different current

densities. The initial discharge capacities of TiO2-P

and TiO2-HNPs were 332 and 449 mA h g-1 at a

current density of 0.1 A g-1, respectively. With

increasing the current densities to 0.5, 1, 2 and 5 A

g-1, the discharge capacities of TiO2-P were 115, 80,

51 and 25 mA h g-1, respectively. And TiO2-HNPs

were 160, 135, 113, and 87 mA h g-1, respectively.

As the current densities was put back to 0.1 A g-1, the

discharge capacities of TiO2-P and TiO2-HNPs were

increased to 140 and 191 mA h g-1, respectively.

Their long-term cycling capacities at the different

current densities were shown in Fig. 11e, the initial

discharge capacities of TiO2-HNPs was 364 mA h g-1

at the current density of 0.5 A g-1, and a

Fig. 12 The FESEM and TEM images of the TiO2-P electrode after 800 diacharge-charge cycles at a current rate of 0.5 A

g-1. (a) FESEM of TiO2-P, (b), (c) and (d) TEM of TiO2-P. The FESEM and TEM images of the TiO2-HNPs electrode

after 800 diacharge-charge cycles at a current rate of 1 A g-1. (e) FESEM of TiO2-HNPs, (f), (g) and (h) TEM of

TiO2-HNPs



reversible capacity of 68 mA h g-1 was

retained after 400 cycles. The initial

discharge capacities of TiO2-HNPs were

312 and 212 mA h g-1 at the current

density of 1 and 5 A g-1, respectively. And

the reversible capacity of 65 and 50 mA h

g-1 was retained after 400 cycles. the

TiO2-P electrodes has initial discharge

capacities of 138 and 116 mA h g-1 at the

current density of 1 and 5 A g-1,

respectively. And the reversible capacity

of 22 and 15 mA h g-1 was retained after

400 cycles.

After completing 60 cycles, when the

rate is returned to 0.1 A g-1, the capacity of

191 mA h g-1 can be resumed (Fig. 11c),

which corresponds to 0.57 lithium inserted

per formula unit of TiO2. According to the

Li-insertion mechanism for the nanoporous

TiO2 (anatase) structure with a high

surface area,22 TiO2-HNPs should be the

interfacial storage dominant. In

comparison with the reported values of

TiO2-based electrodes,22,37, 39, 64 the

TiO2-HNPs exhibits high discharge

capacity and electrochemical stability.

To understand the Li+ storage property

and the stability of this structure, the

evolution of morphology and structure of

TiO2-P and TiO2-HNPs during the

charge-discharge processes were further

investigated. The SEM and TEM images

of TiO2-P electrodes after 800 cycles were

shown in Fig. 12a, b, c, and d. The SEM

image of TiO2-P (Fig. 12a) shows that

TiO2-P electrodes appear a collapse

structure after 800 cycles at a current

density of 0.5 A g-1. The TEM images (Fig.

12b, c, and d) further verify the collapse

structure comes from the aggregation of

nanoparticles. However, the mesoporous

of nanoparticles is not damaged in this

process (Fig. 12 c and d). The SEM and

TEM images (Fig. 12e, f, g, and h) shows

that TiO2-HNPs electrode is stability after

800 cycles at a current density of 1 A g-1.

The TiO2-HNPs size and mesoporous

structure have not significant change after

long cycling.

The excellent electrochemical

performances of TiO2-HNPs should be

owed to its hierarchically porous structure,

anatase phase and high specific surface

area. Because hierarchically porous

structure can improve lithium ion transport,

facilitate charge transport across the

electrolyte/electrode interface, and reduce

transport path lengths for ion diffusion

within the hierarchically porous structure,

leading to excellent capacity and long



cycle lifetimes.4,5 The high specific surface

area of materials can guarantee good

accessibility and contact with the

electrolyte in the LIBs, and the anatase

TiO2 can also enhance the conductivity

and achieve a better power conversion

efficiency (PCE).65

4. Conclusions

In summary, we developed a facile

solution route for fabricating the novel

hierarchically porous anatase TiO2

nanoparticles. TiO2-HNPs has not only

high specific surface areas but also

hierarchically porous structure, the result is

that TiO2-HNPs presents a high initial

discharge capacity of 449 mAh g-1 at 0.1 A

g-1 and retains 185 mAh g-1 even after 70

cycles. Herein, we only demonstrated their

electrochemical performances. Because

TiO2-HNPs have high specific surface

areas and hierarchical pore structures, it

can enhance their adsorption capability,

generate the much more active sites, and

provide a large interface for any type of

reaction. It suggests that TiO2-HNPs

should also have excellent photocatalytic

activity. Therefore, TiO2-HNPs might be

an attractive materials and ideal candidates

for manifold TiO2 applications, such as the

electrode materials in solar cell,

photocatalysts and the heterogeneous

catalyst substrate, biomedical

engineering,66 etc.
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摘要：单纳米线太阳能电池，由于天线效应和光生载流子可以高效地分离，吸引了大量的关注。然而，对

于这种新出现的光伏器件，光学和电学的性能距离期望值还很远，所以研究者们渴望找到更多的可以在太

阳光宽谱上，大幅度有效提高光学、电学响应的陷光方法。传统上，通过在硅纳米线上包裹一层电介质材

料，可以有效提高光电转换性能。在这项研究中，我们首次发现了纳米线的聚光作用，通过引入非同轴的

电介质包层，使光伏材料正好处于电介质包层的焦点上，来提高器件的陷光能力。通过使纳米线中心的硅

材料远离包层的中心（硅材料和包层焦点匹配），可以使电池在几乎全部的太阳光谱上，大角度地实现光

学吸收的提高而对硅电池的载流子收集能力没有影响。我们的光电仿真实验证明在单根的硅纳米线电池中，

光生电流密度和光电转换效率相比于传统的同轴包层设计提高了~ 40%；相对于没有包层的设计提高了一

倍。如果引入了金属背反射镜，这样的非对称设计可以使电池的性能得到更大地提高。

关键词：光伏；单纳米线太阳能电池；陷光；纳米聚光效应；光电模拟
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Improved optical absorption of silicon
single-nanowire solar cells by off-axial

core/shell design
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Abstract: Single-nanowire solar cells (SNSCs) are attracting increasing interest due to their unique
antenna-effect-mediated light-trapping and the efficient charge separation through thin semiconductor junctions.
However, for such newly emerging photovoltaic devices, the optical and photoconversion performance is still far
from the expectation. More effective strategies which are capable of providing broadband/high absorption and
high electrical outcome are strongly desired. In this study, we introduce the concept of symmetry-breaking into the
core/shell silicon SNSCs, which enables a substantially enhanced optical absorption under an improved coupling
between the photoactive material and the focus of the dielectric shell. By properly deviating the silicon core away
from the dielectric shell center (i.e., the off-axial core/shell design), the light-trapping capability of the device is
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significantly improved in almost the whole spectral band without degrading the carrier collection performance.
Our optoelectronic simulation exhibits that the photocurrent density as well as the light-conversion efficiency of
free-standing SNSCs can be doubled (enhanced by ~ 40%) compared to that of the system under bare (co-axial
core/shell) nanowire design; moreover, the device performance under such asymmetric design can be further
improved with introducing the metal-coated substrate.
Key words: photovoltaics; single-nanowire solar cells; light trapping; nanofocusing effect; optoelectronic
simulation

Introduction

Single-nanowire solar cells (SNSCs) have recently
attracted considerable attention for advantages over
their planar counterparts, such as the extreme
light-trapping capability, the efficient carrier transport,
and the deep-subwavelength device scale which is
highly suitable for integration into chips [1−15].
Besides the photovoltaics, single nanowires (NWs)
can find much broader applications, e.g., the optical
waveguides for strong light confinement [16],
photodectors with high responsivity [17], and lasers
with an active nanowire cavity [18].

In 2007, the first silicon SNSC was fabricated with
the maximum output power (conversion efficiency) of
200 pW (3.4%), revealing the possibility of this kind
of compact photovoltaic cell to serve as the integrated
power source for optoelectronic nanosystems [1]. For
photovoltaic applications, excellence in broadband
light-harvesting is the first and very crucial step,
which normally appeals to the advanced light-trapping
strategies. For SNSCs, precisely controlling the size
and cross-sectional morphologies of NWs has been
proved to be an efficient way [9−11]; among various
designs, the transparent dielectric nano-shell has
usually been employed to exhibit both optical and
electrical benefits [12−14]. For example, we presented
that the nano-shelled rectangular gallium arsenide
(GaAs) SNSCs can provide light absorption and
external quantum efficiency (EQE) over 100% under
both transverse electric and magnetic (TE and TM)
incidences [12]. For coaxial heterogeneous GaAs
SNSCs, the nano-shell and window layers can assist
lowering the photocurrent loss due to surface carrier
recombination [13]. For the optimally designed

co-axial c-Si/a-Si (crystalline silicon/amorphous
silicon) SNSCs, the photocurrent can be enhanced by
~ 60% by coating the non-absorbing dielectric shell
[14].

However, the existing designs on core/shell SNSCs
are mostly based on the conventional symmetric
(co-axial) configurations. As indicated that the upper
limit of light-trapping in one-dimensional symmetric
grating structures is only half of the asymmetric ones
when the periodicity is comparable to the wavelength
[19, 20]. Our recent study also showed that the
omnidirectional absorption enhancement can be
obtained in the symmetry-broken
rear-crescent-deformed SNSCs benefited from the
significantly enhanced nanocavity resonances [15].
These indicate that the asymmetric configuration
might be an efficient way to further improve the
light-harvesting performance of SNSCs. In this study,
we report an off-axial core/shell design for silicon
SNSCs, in which the photoactive region is deviated
properly from the shell center. The asymmetrical
modification to the system leads to dramatically
improved light absorption in a broad spectral band.
The detailed analysis of the electric field and power
flow distributions shows that the enhancement arises
mainly from the strengthened nanofocusing effect
under an improved coupling between the photoactive
material and the focus of the dielectric shell. The
finite-element method (FEM) simulations indicate that
the photocurrent can be improved by 116% and 40%
relative to the bare (without the shell) and co-axial
core/shell SNSCs, respectively. In addition, the
superior light-harvesting capability can be sustained in



a wide range of incident angles. Further electrical
simulation by addressing the detailed carrier transport
and recombination process shows that an
enhancement ratio of 42% in light-conversion
efficiency over the conventional symmetric co-axial

configuration can be achieved. An extended study
validates the capability of achieving further improved
optical and electrical performance with incorporating
a back metallic reflector to the designed off-axial Si
SNSCs.

Fig. 1 Jph versus (a) the shell thickness s of the co-axial and (b) the offset distance d of the off-axial SNSCs for TE,
TM and unpolarized normal incidences. The insets are the corresponding schematic diagrams.

Model and methods

The cross-sectional configurations of the bare,
co-axial and off-coaxial Si (core)/SiO2 (shell) SNSCs
are schematically shown in the insets of Fig. 1. The
characterized geometrical parameters are the core
radius r (200 nm), the shell thickness s and the offset
distance d of the core from the shell center [i.e., d > 0
(< 0) for upward (downward) offset]. Based on the
optical constants from Palik [21], the FEM-based
full-wave electromagnetic calculations are performed
[22]. The length of nanowire is assumed to be far
beyond the diameter, allowing the use of
two-dimensional (2D) simulation [5, 13]. The
absorption efficiency (Qabs) is defined as the ratio of
the absorption cross section to the geometrical cross
section [10, 14]. The unpolarized illumination is
represented by the average of TE (electric field
parallel to the axis) and TM (electric field
perpendicular to the axis) incidences, i.e. . The
sunlight is incident perpendicularly to the NW axis
and the wavelength range of 300 − 1100 nm is
considered to characterize the response of crystalline
silicon SNSCs.

Based on the pure optical treatment, the
photocurrent density (Jph) is calculated by assuming
that the generated carriers have been collected without
any losses [2]:

where q is the element charge and Fs (λ) is the AM
1.5G standard solar photon flux density spectrum [23].
However, we also conduct the optoelectronic
simulation in order to evaluate the electrical response
by considering the detailed carrier transport and
recombination processes.

The complete optoelectronic simulation for the
designed nanostructured solar cells is implemented by
solving the Maxwell's and carrier-transport equations
coupled in frequency and spatial domains. The carrier
generation profile from electromagnetic calculation
serves as the channel to link the optical and electrical
domains so that both optical absorption and
photocurrent behaviors can be accessed. Moreover, in
the electrical simulation, most semiconductor
mechanisms have to be included in order to accurately
mimic the electrical response of the considered cells.
For example, the surface recombination with an
empirical surface recombination rate of ~ 1104 cm/s
and the bulk recombination composed by
Shockley-Read-Hall, radiative, and Auger types are all
taken into account. The detailed information on the
optoelectronic simulation technique can be found in
our previous publications [5, 12, 13, 24, 25].



Result and discussion

In order to comprehensively evaluate the
light-trapping and photoconversion performance of Si
SNSCs under off-axial core/shell design, it is
necessary to have a thorough comparison with the
conventional ones composed by a single NW without
nano-shell and with co-axial nano-shell, respectively.
Fig. 1(a) illustrates the dependence of the optically
estimated photocurrent density (Jph) on the shell
thickness (s), with considering the co-axial SNSCs
under TE, TM and unpolarized (normal) incidences.
Apparently, s = 0 denotes the case of bare NW with
Jph ~ 7.95 mA/cm2 under an unpolarized illumination.
The introduction of dielectric shell greatly improves
the absorption of the photoactive core, especially
when initially increasing s from 0 to ~ 100 nm. It
shows that the maximum Jph under co-axial nano-shell
design can be up to 12.28 mA/cm2, happening at s =
250 nm (unpolarized incidence), i.e., Jph is increased
by 4.33 mA/cm2 with an enhancement ratio of 54%
over the bare system. As explained, the presence of
dielectric shell allows more light around the NW to be
attracted and absorbed by the Si core, benefited from
the strengthened optical antenna and nanofocusing
effect [12−14].

However, Fig. 1(a) also shows that keeping
increasing s does not lead to higher Jph, which is

instead saturated under a large s. To further improve
the optical performance of SNSCs, additional
strategies have to be employed. This motivates us to
investigate how the off-axial nano-shell design
optimizes the light-trapping performance of core/shell
SNSCs. Fig. 1(b) plots Jph versus d (see the insets for
structural details) under various incident polarizations.
In this figure, the central dashed line (d = 0) denotes
the conventional co-axial setup. It is clear that the
downward deviation of the core (d < 0) dramatically
increases Jph; whereas the reverse deviation degrades
the system performance. For a direct comparison, we
list in Table I the Jph values of the considered bare,
co-axial and off-axial systems under TE, TM, and
unpolarized incidences, respectively. It is found that
the off-axial design increases Jph by 4.68 (5.03)
mA/cm2 compared to the co-axial configuration under
TE (TM) incidence; under an unpolarized incidence,
the increment is 4.86 mA/cm2 with an enhancement
ratio ~ 40%. Compared with the bare SNSCs, the
photocurrent performance of the off-axial system is
more than doubled (i.e., enhancement ratio ~ 116%)
under any polarization situations, indicating the
potential of asymmetrical core/shell design in
improving the optical performance of SNSCs.

Tab. 1 Photocurrent densities of the three typical configurations of the bare, co-axial and off-axial Si SNSCs
under TE, TM, and unpolarized normal incidences.

To reveal the mechanisms responsible for the
improved light-harvesting capability, we examine the
spectral responses of the three typical SNSC
configurations in Fig. 2, where TE (a) and TM (b)

incidences have been considered. Firstly, it is obvious
that the conventionally co-axial nano-shell design
leads to almost full-band (except several narrows
peaks) absorption enhancement compared to the bare



system under both light polarizations. The highest
absorption Qabs can be up to 120% (140%) under TE
(TM) incidence, which almost doubles that of the bare
case. However, with asymmetrically modifying the
NW cross-sectional geometry, the off-axial SNSCs
exhibit the peak Qabs close to 170% (210%) under TE
(TM) incidence, showing substantially improved
light-harvesting capability. Moreover, such an effect
happens in almost the entire spectral band (except
very few narrow peaks). In fact, by carefully
comparing the Qabs spectra of the bare, co-axial and
off-axial systems, it is found that the systems exhibit
resonant peaks with a similar number, showing the

similar density of optical states. We therefore examine
the cross-sectional absorption patterns of the typical
peak wavelengths (see the insets in Fig. 2) in order to
qualitatively study the properties of the resonances.
The results show rich cavity resonant patterns,
including the Fabry-Perot modes (FP), whisper gallery
modes (WGM), and hybrid high-order modes [3, 26].
Moreover, the modifications to the NW cross-section
do not qualitatively changing the resonant nature and
mode order, but significantly impact the resonant
strength, attributing to much improved optical
performance.

Fig. 2 Absorption spectra of the bare (r = 200 nm), co-axial (r = 200 nm, s = 250 nm) and off-axial (r = 200 nm, s
= 250 nm, d = −240 nm) Si SNSCs under TE (a) and TM (b) normal incidences. The insets are the representative

cross-sectional absorption patterns corresponding to the peak wavelengths.

For conventional bare and co-axial nano-shelled
SNSCs, the rotationally symmetric configurations
exhibit complete independence on the incident angle
(rotating only in the NW cross-section plane as shown
in Fig. 3(a) [15]). However, with breaking the
symmetry, angular reliance has to be introduced and
should be discussed in a detailed way. Fig 3(b)
compares the angular photocurrent spectra of the bare,
co-axial, and off-axial SNSCs with r = 200 nm, s =
250 nm, d = −240 nm under unpolarized incidence. As
shown that, both co-axial and off-axial systems exhibit
much higher photocurrent densities when comparing

with the bare one. It is further shown that: 1) the
off-axial setup breaks the perfect angular symmetry; 2)
with light incidence from the bottom, the off-axial
system degrades the performance compared with the
co-axial one, agreeing with the results of Fig. 1(b); 3)
there is a relatively wide range (i.e., from −55o to 55o)
for incident angle, which leads to the highest
photocurrent density from the off-axial system. In
realistic photovoltaic situations, such a wide angular
range guarantees the well sustained performance for
the off-axial SNSCs.



Fig. 3 (a) Schematic diagram of the off-axial silicon SNSCs under oblique incidence. (b) Photocurrent
densities versus the incident angle θ for the off-axial silicon SNSCs with r = 200 nm, s = 250 nm, d = −240 nm,
where the unpolarized incidence is considered. The bare and co-axial counterparts are inserted for reference.

We now explore the underlying physics behind the
advanced light-trapping performance from the
off-axial nano-shell design. The cross-sectional
distributions of the normalized electric field intensity
(|E|) and power flow of the considered SNSCs (under
various configurations) at representative wavelengths
under TE and TM incidences are plotted in Fig. 4. The
detailed schematic information can refer to the figure
and the caption. We see that all systems do not exhibit
qualitatively distinguishable responses to the TE and
TM incidences, allowing us to focus on TE cases only.
First, let’s look at the single NW composed by only
the transparent SiO2, incident light can be focused
onto a region close to the bottom the NW, yielding a
hot energy spot [Fig. 4 (a1)]. Second, for the single Si
NW, light-trapping performance is enhanced by
antenna effect constrained substantially by the high
index contrast between Si and air [Fig. 4(a2)]. With
introducing low-index SiO2 shell to co-axially
covering the Si NW, the shell provides two
functionalities: i) working as an antireflection layer to
reduce the energy loss due to the optical reflection and
ii) yielding a channel for the light residents around the
bare Si NW to be coupled into the photoactive region

[13]. Therefore, the light absorption by co-axially
nano-shelled Si SNSCs is greatly enhanced. However,
as shown in Fig. 4(a1), the focus of single SiO2 NW is
located in the region close to the bottom, instead of
the center, revealing that the optical absorption
performance might be further improved by better
matching the shell and the photoactive core. Plotted in
Fig. 4(a4) shows the result for optimized off-axial Si
SNSCs, where the Si NW core is deviated
downwardly. As shown also by the energy flow
arrows that most light has been guided/focused into
the core region, leading to substantially enhanced
nanofocusing effect and resonant strength in the Si
nanocavity. Since the enhanced nanofocusing effect is
independent of the incident wavelength and
polarizations, the light-harvesting capability is
improved across the whole absorption spectral band
(except several narrow peaks) for both TE and TM
incidences as indicated in Fig. 2. In contrast, when the
core deviates upwardly, a strong leaky-mode
resonance is supported [13, 27], leading to the
weakened nanofocusing effect and a lower optical
absorption [Fig. 4(a5)].



Fig. 4 Normalized electric field of the SiO2 (r = 450 nm), bare (r = 200 nm), co-axial (r = 200 nm, s = 250 nm),
and off-axial I/II (r = 200 nm, s = 250 nm, d = −240 nm/120 nm) Si single NWs under TE @ λ = 426 nm and TM
@ λ = 410 nm normal incidences. The blue arrows denote the direction and density of the power flow inside the

cell.

To finalize this study with complete information on
both optical light-trapping and actual electricity
generation, it is necessary to further examine the
carrier transport and collection process inside the
SNSCs. For the considered three kinds of nanowire
cells, the co- or off-axial design does not modify the
core photoactive configurations, e.g., the doping
profiles, carrier diffusion, etc. In our electronic
simulation, the donor and acceptor concentrations are
1.6  1020 and 1  1018 cm−3, respectively. The rest
parameters such as the carrier mobilities and
recombination coefficients can be found in our
previous publications [24, 25]. Fig. 5(a) plots the
calculated EQE spectra of the bare, co-axial and
off-axial SNSCs under unpolarized incidence. It is
apparent that the EQE values after addressing the
realistic carrier collection possibility are only slightly
lower than those of Qabs (average of TE and TM cases
shown in Fig. 2), indicating that the intrinsic carrier
transportation in the designed SNSCs is very efficient.
The insets illustrate the stabilized spatial profiles of
the electron concentration (cn), hole concentration (cp)
and electrostatic potential ( ) at the wavelength of
410 nm, illustrating the detailed microscope electronic

characteristics within the SNSCs and helping to better
understand and control the electrical response of this
kind of cell. Weighted by the AM1.5 solar
illumination, the integration of EQE spectrum yields
the short-circuit current density (Jsc); moreover, the
dark current response can be obtained by applying
increasing forward electric bias (V) to the cell. This
allows obtaining the current-voltage (J-V)
characteristics as shown in Fig 5(b), in which the
typical three systems considered with the
corresponding power densities are included. It is
observed that: 1) for the off-axial SNSCs, Jsc increases
by 4.65 (from 11.59 to 16.24 mA/cm2) and 8.74
mA/cm2 (from 7.5 to 16.24 mA/cm2) compared to the
co-axial and bare SNSCs, respectively; 2) the
nano-shell designs slightly increase the open-circuit
voltage (Voc) due primarily to the higher Jsc values.
Apparently, the simultaneously improved Jsc and Voc
lead to a much higher light-conversion efficiency (η),
which is predicted to be 9.9% for the off-axial SNSCs,
showing an enhancement ratio of 121% and 42%
relative to the bare (η = 4.47%) and co-axial (η =
6.97%) configurations.



Figure 5 (a) EQE spectra and (b) J-V characteristics of the silicon SNSCs, where the bare, co-axial and off-axial
SNSCs of a 200 nm-radius are presented. The spatial distributions of the stabilized carrier concentration, hole

concentration and electrostatic potential under λ = 410 nm are inserted in (a); power densities versus the forward
electric bias is inserted in (b).

In above discussions, we assume the nanowire is
configured in a free-standing setup, which uncovers
the physics as well as the possibility of achieving
substantially higher performance from asymmetrically
nano-shelled SNSCs. Nevertheless, a more realizable
setup requires considering the substrate, which can
actually enable rich modifications to the system for
further performance improvement. For example, rear
metallic reflector has been widely employed to reflect
the unabsorbed energy back to the photoactive layer
for recycling [28]. Therefore, we would like to have a
brief discussion here on the extension of the designed
off-axial Si SNSCs by incorporating a metal-coated
substrate [see the inset of Fig. (6a)]. The absorption
spectra are displayed in Fig. 6(a) [Fig. (6b)] for TE
(TM) incidence, where the bare, co-axial, and
off-axial SNSCs on aluminum-coated substrate are
included for comparison. Comparing with the
free-standing ones shown in Fig. 2, the presence of
highly reflecting substrate remarkably enhances the
light-harvesting capability over almost the entire
spectrum under any incident polarizations. Especially,
Jph under unpolarized illumination is increased by
around 3.4, 5.2, and 4.6 mA/cm2 for bare, co-axial,
and off-axial systems, respectively, after substrate
configuration. It is apparent that the advantages of
strengthened nanofocusing effect in the off-axial
SNSCs can be well maintained with the presence of

substrate, indicating the robustness of the asymmetric
design in realizing a high-performance light trapping.
It is easy to predict that the electrical outcomes of the
new systems will exhibit similar relations when
comparing their Jsc and η values; therefore, we do not
intend to repeat the electrical simulation here.

Finally, we would like to indicate that, although
dramatically enhanced optical and electrical
performance has been observed from the Si SNSCs
with off-axial dielectric shell design, the performance
is still underestimated to some degree. This is because
the dielectric cladding can actually greatly decrease
the surface carrier recombination, which improves the
photocurrent density. Since it is difficult to estimate
how much the surface recombination velocity is
decreased after shell cladding, we choose not to
include this effect and focus solely on the impact of
the improved optical response on the electrical
outcome in this paper. It is actually straightforward to
include the surface passivation effect by using a lower
surface recombination velocity in the electrical
simulation, which in turn improves the carrier
collection efficiency (improved internal quantum
efficiency) and leads to higher Jsc and η. Therefore,
the off-axial core/shell design of SNSCs is expected to
be effective in both optical light-trapping and
electrical carrier collection for realizing the
high-efficiency compact solar cells.



Figure 6 Absorption spectra of the bare (r = 200 nm), co-axial (r = 200 nm, s = 250 nm) and off-axial (r = 200
nm, s = 250 nm, d = −240 nm) Si SNSCs with Al-coated substrate under TE (a) and TM (b) normal incidences.
The inset shows the complete device configuration for the proposed off-axial core/shell Si SNSCs.

Conclusions
In summary, we proposed asymmetrically configured
silicon SNSCs by coating the off-axial dielectric
nano-shell, in which the Si core is deviated by a
distance from the shell center. The influences of the
nano-shell size, offset distance, and offset direction on
the optical performance of the cell are investigated. It
is found that the downwardly deviating the silicon
core can lead to dramatically improved
light-harvesting capability, which happens in a broad
spectral band and is insensitive to the incident
polarization. The examination on the spatial profiles
of the electric field and power flow reveals that the
enhancement effect is the result of strengthened
nanofocusing effect under the improved coupling
between the silicon core and the focal point of the
dielectric shell. Electromagnetic simulation shows that
the off-axial design of the SNSCs can enhance the
photocurrent density by 40% (116%) compared to the
co-axial (bare) SNSCs. When integrated with a back
Al reflector, the new system exhibits a further
photocurrent density rise of 4.6 mA/cm2. We perform
a thorough simulation by including both optical

absorption and carrier transport, which enables to
access the EQE and J-V characteristics of the SNSCs
for electrical evaluation. It shows that the
light-conversion efficiency of the off-axial system can
be up to 9.9%, showing an enhancement ratio of 42%
(121%) relative to the co-axial (bare) SNSCs. Finally,
it is verified that the high device performance of the
off-axial SNSCs can be well sustained and even
improved by incorporating the metal-coated substrate.
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MoO2@C nanoflowers were synthesized through a
grinding method, followed by an annealing process.
With excellent dispersity and structural integrity, the
obtained MoO2@C dilivers a reversible capacity of 172
mAh g-1 at 0.1 A g-1 and a capacity of 166 mA h g-1 after
1000 cycles at 1.0 A g-1.

Lithium ion batteries (LIBs) have been widely applied
in portable electronics during the past decades.1 However,
due to the limited availability and uneven distribution of
lithium resources, LIBs suffer from obvious cost issues for
their future applications.2 As a promising alternative to
LIBs, sodium ion batteries (SIBs) have received
considerable attention because the sodium resource is more
abundant than lithium and owns similar chemical
properties to lithium.3

Due to the higher equivalent weight and the larger
radius of sodium ions (1.02 Å) than those of lithium ions
(0.76 Å), the energy density of SIBs is not comparable to
that of LIBs.4, 5 To enhance the energy density of SIBs, a
variety of cathode materials, such as sodium metal oxides,6
transition metal fluorides,7, 8 metal phosphates9 and
Prussian blue analogues,10 have been explored. However,
the researches on anode materials are still limited. Graphite
is firstly considered due to its wide application as anode
materials for LIBs. However, its interlayer spacing is much

smaller than the radius of Na ions.11 Hard carbons are also
used as the active materials for SIBs, but their
electrochemical reactivity with sodium is very limited.3
The alloy based materials such as tin, antimony,
phosphorus, and their composites have also been
investigated due to their high theoretical capacity.12
However, their huge volume expansion during cycling
hinders their further application. An alternative choice is
transition metal oxides (TMOs), which have been widely
studied in SIBs for a long time. For example, Pan et al.13
synthesized the Sn-doped TiO2 nanotubes, which exhibit a
high capacity of 257 mA h g-1 at a current density of 50
mA g-1 after 50 cycles. Jiao et al.14 reported the CuO@C
composite nanofiber, which delivers a capacity of around
401 mA h g−1 after 500 cycles at 500 mA g-1. Despite these
advances, the development of high-performance TMO
based SIB anode materials remains a great challenge.

As a representative TMOs, molybdenum dioxide
(MoO2) has been extensively studied in LIBs due to its
high theoretical capacity and low electrical resistivity.15-17
Nevertheless, the application of MoO2 in SIBs has been
rarely reported.18 However, analogous to its LIB behavior,
MoO2 delivers poor capacity retention because of the large
volume variation during Na+ insertion/extraction
processes,19 and a low charge and discharge capacity
resulting from the agglomeration of MoO2 particles.20
Many attempts have been made to solve these critical
issues, including designing special nanostructures such as
MoO2 hollow microspheres,21, 22 and hybridizing or coating
MoO2 with conductive materials (e.g., porous carbon,
carbon nanotubes, and graphene).23 Based on the above
backgrounds, it is hypothesized that combining the design
of MoO2 nanostructures and coating the MoO2 with
conductive carbon is an effective method to boost the
sodium storage performances of MoO2.
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Herein, MoO2@C nanoflowers have been synthesized
through a simple but effective grinding method, followed
by an annealing process. The as-synthesized MoO2@C is
then applied as the anode materials for SIBs. The
MoO2@C nanoflowers exhibit remarkable electrochemical
properties due to its structural advantages, including: i) the
nano-sized MoO2@C could shorten the ion diffusion
distances and provide more active sites; ii) the microflower
morphology could improve the dispersity of the MoO2@C
to facilitate the quick penetration of electrolyte, and offer
enough extra pores to buffer the volume change during the
charge/discharge processes; iii) with the amorphous carbon
directly coated on the MoO2, the electronic conductivity of
MoO2@C can be greatly improved, the structural integrity
can be enhanced, and the volume change during cycling
can be alleviated. With these structural advantages, the
MoO2@C nanoflowers exhibit a reversible capacity of 172
mA h g-1 at 0.1 A g-1, and a capacity of 166 mA h g-1 after
1000 cycles at 1.0 A g-1.

Figure 1. The fabrication process of MoO2@C
nanoflowers and nanoparticles. (OA: oleic acid)

The fabrication process is shown in Figure 1. The
MoO2@C nanoflowers can be obtained through the
grinding of ammonium molybdate and oleic acid, followed
by an annealing process. In addition, irregular MoO2@C
nanoparticles could be synthesized, when the amount of
ammonium molybdate was increased by twice while other
condition kept the same. To investigate the formation
mechanism of MoO2@C nanoflowers, the annealing time
was tuned from 0.5 h to 2 h, and the SEM images of the
products are shown in Figure S1. As can be seen in Figure
S1, MoO2 nanoparticles began to emerge when the
annealing time was 0.5 h. With the annealing time
increased to 1 h, the adjacent MoO2 nanoparticles
continued to grow and interweave together to form the
sheet-like structure gradually. Then, the nanosheets further
agglomerated into flowers to minimize the surface
energy,24 and the MoO2@C nanoflowers were formed
eventually.

Figure 2. (a and b) SEM images, (c) TEM image and (d)
HR-TEM image of the MoO2@C nanoflowers of 2 h.

The morphology and structure of the MoO2@C
nanoflowers at the annealing time of 2 h were investigated
by scanning electron microscopy (SEM), transmission
electron microscopy (TEM), and high-resolution TEM
(HR-TEM). As shown in Figure 2a-b, each individual
nanoflower is constructed by a number of MoO2@C
nanosheets, and the diameter of the nanoflowers is ~ 150
nm. The TEM images (Figure 2c) are consistent with the
SEM results. The HR-TEM image of MoO2@C
nanoflowers (Figure 2d) shows the lattice fringes of 0.34
nm, corresponding to the (011) atomic spacing of MoO2.17
The SEM, TEM and HR-TEM images of MoO2@C
nanoparticles synthesized at the annealing time of 2 h are
shown in Figure S2. The MoO2@C nanoparticles are
composed of irregular shaped nanoparticles with a certain
degree of aggregation. From the HR-TEM image of
MoO2@C nanoparticles, the lattice fringes of 0.34 nm can
be clearly observed, corresponding to the (011) crystalline
plane of MoO2. Distinct amorphous carbon layers can be
observed in both samples. Considering the lower
ammonium molybdate/oleic acid ratio employed in the
synthesis procedure, higher carbon content is expected in
the MoO2@C nanoflowers. The better dispersibility and
higher carbon content of MoO2@C nanoflowers might
endow the sample with better electrochemical
performances than MoO2@C nanoparticles.
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Figure 3. (a) XRD patterns, (b) TGA curves and (c, d)
BET nitrogen adsorption and desorption isotherms of
MoO2@C nanoflowers and MoO2@C nanoparticles.

Figure 3a displays the XRD pattern of the MoO2@C
nanoflowers and nanoparticles. All the diffraction peaks
can be well indexed to monoclinic MoO2 (JCPDS: 65-
1273).17 The three distinct peaks at 26.08°, 37.41° and
53.66° can be assigned to the (011), (-112) and (022)
diffractions of MoO2, respectively. Thermogravimetric
analysis (TGA) was conducted to determine the carbon
content in the two MoO2@C composites. As shown in
Figure 3b, the carbon content of MoO2@C nanoflowers
and MoO2@C nanoparticles is estimated to be 7.1 and 4.3
wt. %, respectively (detailed calculating method is
presented in Electronic Supplementary Information). The
higher carbon content of MoO2@C nanoflowers is
consisted with its lower ammonium molybdate/oleic acid
feeding ratio. For investigating the specific surface area
and the pore size distribution of MoO2@C, nitrogen
sorption was further conducted (Figure 3c, 3d). The larger
Brurauer–Emmerr-Teller (BET) specific surface area of
42.6 m2 g-1 for MoO2@C nanoflowers further confirms its
better dispersibility than MoO2@C nanoparticles, which
has a BET specific surface area of 18.9 m2 g-1. In addition,
a small hysteresis loop can be observed for both MoO2@C
samples, indicating the mesoporous structure.

Figure 4a shows the initial two galvanostatic charge
and discharge curves of MoO2@C nanoflowers at a current
density of 0.1 A g-1. It can be found that the MoO2@C
nanoflowers display the discharge and charge capacities of
264 and 172 mAh g-1 at the first cycle. The initial capacity
loss of 92 mAh g-1 is mainly caused by irreversible
processes, including the decomposition of electrolyte, the
formation of solid electrolyte interface (SEI), and the
trapping of Na+ in the MoO2 lattice.25 In the second cycle,
a short discharge plateau at ~ 0.45 V and charge plateau at
~ 0.65 V are observed, these plateaus can be attributed to
the reversible phase transformation between monoclinic
MoO2 and orthorhombic NaxMoO2 during Na+ insertion

and extraction.26 The representative charge and discharge
curves of MoO2@C nanoparticles are shown in Figure
S3a, which manifest similar electrochemical properties to
MoO2@C nanoflowers. The cyclic voltammetry (CV)
curves of MoO2@C nanoflowers at different scan rates
from 0.2 to 10 mV s-1 in the voltage range of 0.01 - 3.0 V
are shown in Figure S3b. As can be seen, the CV curves
of MoO2@C nanoflowers are consistent with the
galvanostatic charge and discharge measurements. Visible
redox peaks can be observed in every single curve,
indicating the good stability and high reversibility. The CV
curves of MoO2@C nanoparticles are omitted due to its
similar electrochemical property to MoO2@C nanoflowers.

Figure 4. (a) discharge-charge curves of MoO2@C
nanoflowers for the initial two cycles; (b) rate capability,
(c) long-term cycling performance and (d) electrochemical
impedance spectra (EIS) after long-term cycling
measurements of MoO2@C nanoflowers and MoO2@C
nanoparticle, inset: equivalent circuit model.

The rate capabilities were investigated at various
current densities from 0.1 A g-1 to 8.0 A g-1. As shown in
Figure 4b, the initial discharge capacities of MoO2@C
nanoflowers and MoO2@C nanoparticles are 267 and 195
A g-1 at 0.1 A g-1, respectively. As the current densities
increase, the MoO2@C nanoflowers deliver discharge
specific capacities of about 188, 150, 124, 108, 92, 80, 71
and 67 mA h g-1 at 0.1, 0.2, 0.5, 1.0, 2.0, 4.0, 6.0 and 8.0 A
g-1, respectively. For comparison, the MoO2@C
nanoparticles deliver discharge capacities of about 123,
107, 88, 74, 63, 46, 37 and 36 mA h g-1 at 0.1, 0.2, 0.5, 1.0,
2.0, 4.0, 6.0 and 8.0 A g-1. When the current density is
reduced to 0.2 A g-1, capacities of 168 and 110 mA h g-1
can be recovered for MoO2@C nanoflowers and
nanoparticles, respectively. In general, both samples show
extraordinarily capacity recoverability, but obviously
MoO2@C nanoflowers deliver higher specific capacity and
better cycling stability than those of MoO2@C
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nanoparticles. The better sodium storage performances of
MoO2@C nanoflowers can be attributed to their unique
flower-like morphology and higher carbon content than the
MoO2@C nanoparticles. The former enables quicker
electrolyte penetration and provides more active sites for
sodium storage. The later ensures better electronic
conductivity and structural integrity from pulverization.

The long-term cycling performance at 1.0 A g-1 was
conducted to further investigate the stability of the
electrodes. As shown in Figure 4c, the MoO2@C
nanoflowers deliver an initial capacity of 217 mA h g-1,
higher than MoO2@C nanoparticles (120 mA h g-1). At the
second cycle, the specific capacities for MoO2@C
nanoflowers and MoO2@C nanoparticles are 154 and 73
mA h g-1, respectively. After 1000 cycles, the MoO2@C
nanoflowers and MoO2@C nanoparticles deliver specific
capacities of 166 and 86 mA h g-1, respectively. The
capacity increase with the cycle number can be attributed
to the pulverization of electrode materials, which affords
higher specific capacities.27-29 In short, both the MoO2@C
nanoflowers and nanoparticles deliver excellent cycling
stability, and the unique structural advantages of MoO2@C
nanoflowers bring higher specific capacity for it.

Electrochemical impedance spectra (EIS) after
1000 cycles were conducted and shown in Figure 4d,
and the equivalent circuit can be well fitted and
interpreted to the Nyquist plots. The depressed
semicircle in the high- and medium- frequency regions
could be assigned to the charge transfer resistance
(Rct), the resistance associated with the SEI film (RS),
and the inclined line in the low-frequency region is
associated with the Warburg impedance (W).29, 30 In
addition, the Re (electrolyte resistance), CPE-1
(constant phase element) and CPE-2 (non-ideal
constant phase element) are also included in the
fabricated model. For the batteries transfer kinetics,
Rct is a key indicator of the electrodes. Apparently, the
MoO2@C nanoflowers present a lower Rct than the
MoO2@C nanoparticles, which is consisted with their
better electrochemical performances.

In summary, MoO2@C nanoflowers and
nanoparticles have been synthesized through a facile
grinding process, followed by an annealing process.
With better dispersity and higher carbon content, the
MoO2@C nanoflowers exhibit better sodium storage
performances. The as-obtained MoO2@C nanoflowers
deliver a reversible capacity of 172 mA h g-1 at 0.1 A
g-1, and a capacity of 166 mA h g-1 after 1000 cycles at
1.0 A g-1. More investigations should be performed
due to the rarely reported sodium storage performance
of MoO2, and we anticipate that the MoO2@C
nanoflowers would be an ideal anode material for
SIBs.
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Abstract: Perovskite La0.75Sr0.25Cr0.5Mn0.5O3-δ (LSCM) has been used as a typical cathode for CO2 electrolysis in
oxide-ion conducting solid oxide electrolyzers; however, the limited electrocatalytic activity still restricts
electrode kinetic process. In this work, catalytic-active V2O5 nanocatalyst is impregnated in LSCM cathode to
enhance electrocatalytic performance. Electrochemical measurements show that the loading of 2 wt% V2O5

significantly improves electrode activity and accordingly reduces electrode polarization resistance from 2.6 Ω•cm2

for LSCM to 1.2 Ω•cm2 for V2O5-LSCM in pure hydrogen. The current densities and Faradic efficiencies with
V2O5-LSCM electrode are remarkably enhanced by 30% and 40% in contrast to bare LSCM electrode in the
voltage region of 1.2-2.0 V at 800ºC for direct carbon dioxide electrolysis, respectively.

Key words: LSCM; V2O5; solid oxide electrolyzer; carbon dioxide; electrolysis

Introduction

Great efforts are being devoted to carbon dioxide
reduction to balance greenhouse gases emissions that
have led to global warming[1-5]. High temperature
carbon dioxide electrolysis using renewable electricity
is one of the main schemes to electrochemically
reduce carbon dioxide to generates CO fuel or
feedstock in F-T synthesis, which enables a
carbon-neutral renewable energy cycles[6-8].
Most studies in recent years mainly focused on the
electrolysis of CO2 using conventional Ni-YSZ
cathode in high-temperature solid oxide
electrolyzers[9-11]. The reducing gas CO is fed in
cathode to avoid the oxidation of Ni to NiO at high
temperature, or the loss of electrical conductivity and
catalytic activity occurs and accordingly degrades
cathode performances. Perovskite LSCM is a
redox-stable and has been considered as efficient
cathode in solid oxide electrolyzers[12-16]. Promising
electrode polarizations have been obtained with
LSCM cathode for direct high temperature electrolysis

of CO2/H2O[17-19]. More importantly, no cell
performance degradation occurs for direct steam
electrolysis with LSCM even the cell is operated for
longer than 100h at 800 ºC[20]. Although the LSCM
demonstrate promising stability, the limited catalytic
activity still restricts electrode kinetic process.
V2O5 nanoparticles are widely utilized as efficient
catalystsin the field of heterogeneous catalysis
including CO2 conversion in CO2 reforming of
CH4[21] and oxygen-assisted transformation of
propane to COx/H2[22]. For the reforming of CH4 with
CO2, the operation in such a less reducing atmosphere
leads to the presence of V4+ that contributes the
enhancement of catalyst activity. In addition, the V2O5

catalyst is further reduced to V2O3 in a stronger
reducing atmosphere such as COx/H2 mixtures at low
to intermediate temperatures. The presence of V4+ and
V3+ largely promotes catalysis activity at 400-800
oC[22].
In this work, catalytic active V2O5 nanoparticles are



impregnated into LSCM to improve electrode
activity.Carbon dioxide electrolysis is then performed

with V2O5-LSCM at 800 ºC.

Experimental

The perovskite La0.75Sr0.25Cr0.5Mn0.5O3-δ (LSCM) was
synthesized via a glycine-nitrate combustion method
and final heat treatment temperature is 1000 ºC for 3h
in air[18]. The Ce0.8Sm0.2O2-δ (SDC) powders was also
synthesized with a glycine-nitrate combustion
method[23]. The phase formation of the samples was
confirmed by X-ray diffraction (XRD, Cu Kα, 2θ=3º
min-1, D/MAX2500V, Rigaku Corporation, Japan) and
XRD Rietveld refinement was performed using
GSAS[23-26]. X-ray photoelectron spectroscopy
(XPS, ESCALAB250, Thermo, USA) with Al-K 
(1486.6eV) radiation source was used to analyze the
electrode powder before and after reduction in
5%H2/Ar at 800 ºC. Thermogravimetry analysis (TGA,
SDT Q600, America) was carried out to analyze
reduced LSCM and LSCM-V2O5. The conductivity
measurement was performed using an DC
four-terminal method with an online multi-meter
(Keithley 2000, Digital Multimeter, Keithley
Instrument Inc., USA)[25]. The dependence of
conductivity on oxygen partial pressure (pO2) was
recorded using an online oxygen sensor system (Type
1231, Noveltech, Australia)[27].
Yttria-stabilized zirconia (8-YSZ) electrolyte supports

were prepared by dry-pressing method at 4 MPa with
2±0.1 mm in thickness and 20±0.5 mm in diameter
followed by sintering at 1500 ºC (2ºC min-1) for 10h
in air[28]. The LSCM-SDC electrode slurry[25] was
printed on both sides of YSZ support in an area of 1.0
cm2 followed by heat treatment at 1000 ºC (2 ºC min-1)
for 3h in air. The NH4VO3 was impregnated to LSCM
electrode with repeated heat treatments at 400 ºC (2 ºC
min-1) for 2h in air. Scanning electron microscopy
(SEM, JSM-6490LV, JEOL Ltd, Japan) coupled with
energy dispersive spectroscopy (EDS) was used to
observe cell microstructures. Electrochemical
measurements of symmetric cells and solid oxide
electrolyzers were performed with 2-electrode mode
using an electrochemical station (IM6, Zahner,
Germany) at 800 ºC. The electrolysis experiment was
conducted by flowing 5% H2/Ar at the flow rate of 50
mL min-1 for 1.5 h and then pure hydrogen at the flow
rate of 50 mL min-1 was supplied to cathode for 2.0 h
at operation temperature. After that the cathode would
be sufficiently reduced and then the CO2 electrolysis
was performed. The online inorganic chromatography
(GC2014, Shimazu, Japan) was used to analyze CO
concentration in output gas.

Results and discussion

Fig.1 (a) and (b) show the XRD Rietveld refinement
pattern of LSCM powders for both oxidized and
reduced samples, respectively. The refinements give
the result of space group R-3C for both oxidized and
reduced LSCM samples[13]. The cell volume
increases from 347.943 Å3 for oxidized LSCM to
348.976 Å3 for reduced sample, because the metal
ions such as Mn4+ (0.052 Å) and Cr4+ (0.03~0.04 Å)
are partially reduced to Mn3+ (0.070 Å) and Cr3+

(0.064 Å) in reducing atmosphere, respectively. The
increase of ion radiusin reduced LSCM contributes to
the increase of cell parameters. Fig.1 (c) shows the

XRD Rietveld refinement pattern of V2O5

powders[24], which confirms the V2O5 structure with
parameters a=11.5130(6) Å, b=3.5643(7) Å, and
c=4.3724(7) Å. The HRTEM in Fig.1 (d)
demonstrates a lattice spacing of 0.325 nm between
two (110) planes for the reduced LSCM, which is well
consistent with the XRD result[18].
Fig.2 (a) shows the conductivity of LSCM versus
temperature in reducing or oxidizing atmospheres,
which demonstrates a typical p-type semiconductor
behavior. The activation energy is 27.02 kJ∙mol-1 for
LSCM in oxidizing atmosphere and the maximum



conductivity reaches 15.6 S∙cm-1 at 800 ºC in air. In
contrast, a strong reducing atmosphere significantly
reduces the conductivity of LSCM because of the
decrease of charge carrier. The activation energy is
44.23 kJ∙mol-1 for LSCM in reducing atmosphere
while the conductivity is 2 S∙cm-1 in 5%H2/Ar at 800
ºC. Fig.2 (b) shows the dependence of conductivity on
pO2 at 800ºC. The conductivity of LSCM reaches 15.5
S∙cm-1 in air while gradually decreases with pO2

above 10-12 atm, indicating a redox stability of LSCM
cathode in such a wide range of oxygen partial
pressure. It should be noticed that the conductivity
remarkably decreases and finally reaches 2 S∙cm-1 at
pO2 of 10-18 atm. The electrical property of V2O5 has
also been investigated as shown in Fig.S1. The V2O5

has a p-type semiconducting behavior in oxidizing
atmosphere with temperature ranging from 270 to 600
ºC. The conductivity reaches 2.9 S∙cm-1 with hole as
charge carrier in air. However, the reduced V2O5 is a
typical n-type conductor as shown in Fig.S1 (b). The
conductivity reachesand 6 S∙cm-1 as pO2 reaches 10-19

atm at 600 ºC. In reduced V2O5 sample, the V element
is a mixed chemical states which are composed of +4
and +3 with oxygen nonstoichiometry of V2O3.24

which will be further confirmed in the following TGA
and XPS tests.
XPS was used to analyze the elemental valence
change in samples using shirley-type background
subtraction method, in which the background-function
for different spectroscopies of elementswere fitted by
80% Gaussian and 20% Lorentzian fitting[29]. As
shown in Fig.3 (a1) and (a2), Cr3+and Cr6+ (2p3/2)
peaks are found at 576.6 and 579.7 eV, while Cr3+ and
Cr6+ (2p1/2) peaks occur at 586.3 and 588.7 eV in the
oxidized LSCM, in which the ratio of Cr3+/Cr6+ as
calculated is 68:32. In contrast, the Cr3+ (2p1/2) and
(2p3/2) peaks occur at 586.0 and 576.1 eV for the
reduced LSCM sample, respectively. The Mn2p core
level XPS spectra of LSCM are shown in Fig.3 (b1,
b2). In the oxidized LSCM sample, Mn4+ (2p3/2) and
(2p1/2) peaks are found at 642.3 and 653.9 eV,
respectively[26]. Although Mn4+ is the main chemical
state in reduced LSCM, strong Mn3+ (2p3/2) and (2p1/2)

peaks occur at 653.1 and 641.6 eV, respectively. The
ratio of Mn4+/Mn3+ is 71:29, indicating the sufficient
reduction of LSCM in 5%H2/Ar at 800 ºC. Similar
chemical changes for Cr and Mn elements are also
observed in oxidized and reduced LSCM-V2O5 sample
as shown in Fig.4. In the oxidized LSCM-V2O5

sample, Cr3+ (2p1/2) and (2p3/2) peaks occur at 586.6
and 576.7 eV, meanwhile, the Cr6+ (2p1/2) and (2p3/2)
peaks occur at 588.7 and 578.1 eV, respectively. And
the ratio of Cr3+/Cr6+ as calculated is 74:26. As
observed from Fig.4 (c1) and (c2), V5+ is the only
chemical state for oxidized sample, while most V5+ is
reduced to V4+ and V3+ for reduced sample. After
reduction, the ratio of V5+/V3+,4+ is 42:58, indicating
that vanadium element exists mainly in the form of
V2O5, V2O4 and V2O3.
Fig.5 shows the microstructure of the cells with
LSCM-V2O5 electrodes. In Fig.5 (a), the electrodes
with a thickness of 10μm demonstrate a homogeneous
porous structure and a good interface between
electrodes and dense YSZ electrolyte. The prepared
V2O5 nanoparticles (150 nm) homogeneously
distribute on LSCM (Fig.5 (b)).The element mapping
of V2O5-loaded electrode surfaceis shown in Fig.S3,
which proves homogeneous element distributionsin
porous electrode. Fig.6 shows the AC impendence
results of symmetric cells with electrodes based on
LSCM and LSCM-V2O5 in a broad range of pH2 at
800 ºC. Overall, a strong dependence of Rp on pH2 is
observed, which confirms that a stronger reducing
atmosphere is favorable for the improvement of
electrocatalytic activity that benefits electrode
polarization, though the mixed conductivity is
accordingly decreased. For the cell with LSCM
electrode, the Rp steadily increases from 2.6 to more
than 10 Ω•cm2as pH2 drops from 100% to 0. In
contrast, the electrode polarization with LSCM-V2O5

is remarkably improved as shown in Fig.6 (b1, b2),
and the increase of pH2 accordingly reduces Rp and
finally reaches1.2 Ω•cm2 in pure hydrogen. This
confirms that the loading of catalytic active V2O5 is an
effective approach to improve electrocatalytic activity
of composite electrode. In reduced LSCM-V2O5, the



active species V4+ and V3+ are expected to be
responsible for the enhancement of electrode
activity[22, 30].
Fig.7 shows the AC impendence spectra of the
symmetric cells with LSCM and LSCM-V2O5 under
different pO2 at 800 ºC. In Fig.7 (a1) and (a2), the Rp

of LSCM electrode decreases from 4.4Ω•cm2 in pure
N2 to 0.3 Ω•cm2 in 21% pO2, implying improved
performance at higher pO2. The impedance values are
fitted using Zview software and the fitting model is
shown in Fig.S4. The stronger oxidizing atmosphere
facilitates the increase of charge carrier that
accordingly enhances conductivity[18]. Similar
change for the Rp with LSCM-V2O5 electrode has also
been observed, and a small improvement of electrode
polarization can be observed after modification with
V2O5. Overall, the same trend (i.e. reduction of Rp

with increasing pH2 or pO2) is observed for both
reducing and oxidizing atmospheres, as can be
observed in Fig.6 and Fig.7. Therefore, this
redox-reversible electrode still exhibits promising
polarizations even in less reducing atmosphere, which
is necessary for direct electrolysis of CO2 at high
temperature.
TGA analysis was performed to investigate the
oxygen nonstoichiometry of reduced LSCM and
LSCM-V2O5 electrode materials. As shown in Fig.8
(a), the weight gain of reduced LSCM sample reaches
up to 0.65 wt% at 800 ºC in air, indicating a chemical
formula of LSCMO2.97 for reduced LSCM. The loss of
oxygen for reduced LSCM is attributed to the
reduction of Cr6+ to Cr3+ and Mn4+ to Mn3+. In contrast,
the weight gain of reduced LSCM-V2O5 sample
reaches 1.26 wt% which includes the weight gain of
reduced LSCM and reduced V2O5. In this work, the
reduced V2O5 has an accurate chemical formula of
V2O3.24 which includes V5+, V3+, and V4+. Fig.8 (b)
shows the steady state of LSCM and LSCM-V2O5 in
TGA tests for 30 minutes at 800 ºC. The chemical
formula of reduced LSCM and V2O5 can be calculated
to be La0.75Sr0.25Cr0.5Mn0.5O2.97 and V2O3.24,
respectively.
Fig.9 shows current-voltage curves of electrolyzers

with LSCM and V2O5-LSCM cathodes for direct
carbon dioxide at 800 ºC, respectively. Both curves
are near linear after 1.0 V with obvious slope change,
indicating an onset potential of close to the OCV for a
CO/O2 fuel cell. The maximum current density is 0.33
A•cm-2 with LSCM, while the maximum current
density is enhanced to 0.40 A•cm-2 at 2.0 V after
modification with V2O5. This further confirms the
improved electrocatalytic activity in the presence of
V2O5 nanocatalyst. Fig.10 shows the AC impedance
spectra to determine the series resistance (Rs) and
electrode polarization resistance (Rp) under different
applied potentialsfor direct CO2 electrolysis. The Rs is
mainly from the ionic resistance of YSZ electrolyte
and the value isaround 1.8  •cm2 under different
applied voltages, which is very close to reported
values for YSZ electrolyte[18, 24, 31, 32]. The Rp

values of 3.2 •cm2 can be observed for the cells with
LSCM and LSCM-V2O5 cathodes at a low voltage of
1.0 V, indicating that the electrode activity is not
greatly enhanced even in the presence of V2O5 catalyst.
However, the Rp is obviously improved at higher
voltages for the cell with LSCM-V2O5 electrode. For
example, the Rp is only 1.6  •cm2 for the cell with
LSCM-V2O5 electrode, while it increases to1.9 •cm2

for LSCM electrode. Similar improvement has also
been observed even at higher applied voltages such as
1.5 V and 1.8 V. One reason is that higher applied
voltages reduce V2O5 to V2O5-x that benefits electron
conduction and electrocatalytic activity. Another
possible reason may be that a stronger reducing
condition is also favorable for electrode activity as
discussed in symmetric cells. In this part, the loading
of catalytic active V2O5 has significantly improved
electrode performance that accordingly facilitates
kinetic process of direct CO2 electrolysis.
Fig.11 shows the short term electrolysis of CO2 at
different applied potentials for electrolyzers with
LSCM and LSCM-V2O5, respectively. The current
densities with LSCM electrode are 0.04, 0.12 and 0.16
A•cm-2 at 1.0, 1.3 and 1.5 V, respectively. In contrast,
the current densities with LSCM-V2O5 are enhanced
to 0.06, 0.15 and 0.21 A•cm-2 at 1.0, 1.3 and 1.5 V,



respectively, which further confirms enhanced
performance of LSCM in the present of V2O5

nanocatalyst. Fig.12 shows CO production and current
efficiency with LSCM and LSCM-V2O5 electrode,
respectively. The applied potentials in electrolysis
process at different stages are the same as shown in
Fig.11. The CO production is from CO2 electrolysis
and its rate reflects the kinetics of electrochemical
process. The CO yield rates increase from 0.4
mL•min-1•cm-2 at 1.0 V to more than 1.0
mL•min-1•cm-2 at 1.5 V for LSCM-V2O5 electrode. In
contrast, the cell with LSCM electrode shows much
lower CO yield rate, being 0.3 mL•min-1•cm-2 at 1.0 V
and 0.65 mL•min-1•cm-2 at 1.5 V. The remarkable
performance improvement indicates that V2O5 greatly
enhances the kinetic process of direct CO2 electrolysis.
The cell with the LSCM cathode shows a current

efficiency of 50% at 1.0 V, and only minor increment
is obtained when the applied potential increases to
1.3-1.5 V. This may be due to the inferior adsorption
of CO2 and the starvation within cathode, which limit
the reaction activities of the electrochemical reduction.
However, the current efficiency was increased to 61%
at 1.0 V, and further increased to 70~73% at 1.3-1.5 V
after loading V2O5 nanocatalyst. In order to validate
the cathode stability, direct CO2 electrolysis was
performed at a fixed voltage of 1.3 V at 800 oC for 48
h with pure CO2 fed in cathode. As shown in Fig. 13,
a slight decrease was revealed in current density with
LSCM-V2O5 cathode within the first few hours;
however, the current density is stabilized at 0.15
A•cm-2 on the whole, which confirms excellent
stability of LSCM-V2O5 cathode for direct CO2

electrolysis.

Fig. 1: XRD results of (a) LSCM for oxidized and reduced samples (b) for oxidized V2O5 sample and (c) TEM patterns of LSCM

powders.



Fig. 2: The conductivity of LSCM samples: (a) as a function of temperature in 5%H2/Ar and Air, respectively; (b) as a function of

pO2 (10-2- 10-20atm) at 800 ºC.



Fig. 3: XPS results of LSCM, (a1) Cr in oxidized; (a2) Cr in reduced; (b1) Mn in oxidized and (b2) Mn in reduced; (c1) O in

oxidized and (c2) O in reduced.

Fig. 4: XPS results of LSCM-V2O5, (a1) Cr in oxidized; (a2) Cr in reduced; (b1) Mn in oxidized and (b2) Mn in reduced; (c1) V in

oxidized and (c2) V in reduced.



Fig. 5: SEM micrographs of SOE with a three-layer structure of LSCM-SDC/YSZ/LSCM-SDC-V2O5:(a) cross-section; (b) cathode

surface.

Fig. 6: The AC impedance of the symmetric cells for (a) LSCM/YSZ/LSCM and (b) LSCM-2 wt.%/YSZ/LSCM-2 wt% V2O5 in



different pH2 at 800 ºC.

Fig. 7: The AC impedance of the symmetric cells for (a) LSCM/YSZ/LSCM and (b) LSCM-2 wt% V2O5/YSZ/LSCM-2 wt% V2O5 in

different pO2 at 800 ºC.

Fig. 8: TGA test of the (a) LSCM and LSCM-V2O5 in oxidizied condition and (b) heat preservation for half an hour at 800ºC.



Fig. 9: I-V curves of single electrolyzers with cathodes based on LSCM and LSCM-V2O5 for CO2 electrolysis.

Fig. 10: AC impendence of single electrolyzers with cathode based on LSCM (a) and LSCM-V2O5 (b) at 4 difference applied

potentials with the flow of CO2 at 800ºC.



Fig. 11: The performance of single electrolyzers with cathode based on LSCM and LSCM-V2O5 at different applied potentials at 800

ºC for CO2 electrolysis.

Fig. 12: Electrolysis of CO2 on LSCM and LSCM-V2O5 cathode at 1.0, 1.3 and 1.5 V: (a) rate of CO production and (b) Current

efficiency.

Fig. 13: The performance of LSCM-V2O5 cathode with the flow of CO2 at 800 oC.

Conclusions

In this work, catalytic active V2O5 nanocatalysts have
been impregnated to LSCM to enhance electrode

activity for direct CO2 electrolysis. Electrochemical
measurements have confirmed that the electrode



polarizations have been significantly improved in the
presence of V2O5 nanocatalysts. The low valence state
V4+ and V3+ in reduced LSCM electrode attributes to
electrode activity enhancement. The current densities
and Faradic efficiencies with LSCM-V2O5 electrode

are remarkably enhanced by about 30% and 40% in
contrast to LSCM at the applied voltages of 1.3 and
1.5 V at 800 ºC for direct CO2 electrolysis,
respectively.
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Abstract: A Co3O4/RGO/Co3O4 (CRC) pseudocomposite on cobalt foil was prepared through a

one-pot in-situ hydrothermal method. Based on the chemical redox reaction between Co foil and

graphene oxide (GO), and the electrostatic attraction between GO (negative charge) and Co2+

(positive charge), a novel sandwich structure, Co3O4 (from Co2+ ions), RGO, Co3O4 (from Co foil),

was designed and constructed. The Co3O4/RGO/Co3O4 (CRC) @Co nanocomposite was directly

utilized as a binder-free supercapacitor electrode, and the CRC@Co composite prepared at 200 °C

for 24 h exhibited superior electrochemical performances: capacity specific capacitance of 2272.7

mF cm-2 at 5 mA cm-2, and a capacity retention of 81.6% even after 2000 charge-discharge cycles.

Keywords: Co3O4/RGO/Co3O4; Graphene oxide; Co foil; Hydrothermal; Supercapacitor



1. Introduction

Recently, energy and environment

problems have become more violent and

triggered tremendous efforts, and thus those

clean new energy resources are the efficient

techniques. In order to solve the energy

storage of the new energy resources and also

the requirement of those electric consumers,

energy storage device become a necessary

bridge. Among the energy storage devices,

supercapacitor has attracted much attention

due to its unique merits of high power density,

cycle efficiency and charge/discharge rates [1].

Therefore, it filled the gap between batteries

and traditional capacitors [2].

Generally speaking, the performance

and charge storage mechanism of

supercapacitors intimately depend on the used

electrode materials. Therefore, more

researchers focused on developing all kinds of

electroactive materials with excellent

properties as supercapacitor electrode

materials. Up to date, the electrode materials

of supercapacitors can be divided into three

categories: carbon-based materials, conductive

polymers and transition metal compounds.

Among them, carbon-based materials are

widely used as electrode materials of electric

double layer capacitors because of their larger

surface area and good electrical conductivity.

Although they have larger power density, the

smaller specific capacitance leads to the lower

energy density which limits the corresponding

application. While for conductive polymers,

the corresponding cycle stability is much

poorer due to the larger volume contraction

and expansion during the process of

continuous charging and discharging. In

contrast, supercapacitors based on conductive

polymers and transition metal compounds can

store energy by fast reversible oxidation

reactions because these electrode materials

have typical Faraday capacitance



characteristics. Thus, they can achieve higher

specific capacitance and energy density. For

transition metal compounds, although there

have some shortcomings (such as: poor

conductivity), they can not only provide

higher energy density than conventional

carbon-based materials, but also possess better

electrochemical stability than the polymer

materials. Therefore, transition metal

compounds are the kind of most-researched

electrode materials of supercapacitors.

Co3O4, a typical transition metal

compound, has given rise to great interest in

capacitors as a significant magnetic p-type

semiconductor of unique energy storage

property [4]. Its high theoretical capacitance

(3560 F g-1), excellent electrochemical

performance and environmental friendliness

make it be attractive [5]. However, the observed

specific capacitance for Co3O4 is much lower

than theoretical values due to their low

electrical conductivity, small specific surface

area or large volume expansion during cycling,

which limits the supercapacitors performance

especially by hindering the transfer of

electrons [6, 7]. Recently, various strategies

have been probed to enhance the capacitance

performances of Co3O4, and one of an

effective method is synthesizing varieties

nanostructures of Co3O4, such as nanocubes,

nanosheets, or nanospheres. Some progresses

have been reported in synthesis of Co3O4 as

electrode materials for supercapacitors and

great achievements have been obtained. Jiang

et al. synthesized 2D Co3O4 thin sheets

assembled by 3D interconnected nanoflake

array framework structures and with a high

specific capacity of 1500 F g-1 at 1 A g-1 [11].

Wang and co-worker prepared mesoporous

Co3O4@carbon composites and obtained a

specific capacitance of 205.4 F g-1 at a current

density of 0.2 A g-1 [3].

In this paper, a hierarchical

Co3O4/RGO/Co3O4 (CRC) composite was



synthesized on cobalt foil through a one-step

hydrothermal process, in which cobalt foil

served as not only the support providing

in-situ grown sites but also Co source for

lower Co3O4 layer. Graphene oxide (GO)

acted as oxidizing agent and promoted the

redox synthetic reaction, which combined

with Co2+ through coulombic interaction.

Resultant reduced graphene oxide (RGO)

effectively increased the conductivity,

enlarged specific surface area, and improved

structure strength of the electrode materials.

As-prepared CRC@Co electrode was directly

utilized as a binder-free electrode which

exhibited the superior specific capacitance of

2272.7 mF cm-2 (227.3 F g-1) at the current

density of 5 mA cm-2 (0.5 A g-1), and still

remained 1042.9 mF cm-2 (104.3 F g-1) at 50

mA cm-2 (5 A g-1). Meanwhile, capacity

retention of CRC@Co electrode was kept

81.6% after 2000 cycles.

2. Experimental section

2.1 Synthesis of Co3O4/RGO/Co3O4 (CRC)

@Co composite

The synthesis of CRC@Co composite

was carried out through a one-step

hydrothermal process. All chemicals were of

analytical grade and used without any further

purification. GO was prepared through a

modified Hummer’s method [25]. Typically,

cobalt foil (approximately 1cm×2cm) was

carefully polished by sandpaper and washed

with acetone and ethanol for each 15 min, then

cleaned with deionized (DI) water. 20 mg of

GO solution and 0.5 mmol Co(NO3)2·6H2O

was added into DI water under stirring for 30

min to form a 50 mL mixed solution. And then

the above solution was transferred to a 100

mL Teflon lined stainless steel autoclave and

then heated at 200 °C for 24 h so as to

complete the hydrothermal process. Finally,

oxides-loaded Co foils were washed with

ethanol and DI water, and then dried at 80 ºC

for 12 h. For comparison, Co3O4/Co3O4@Co,



RGO/Co3O4@Co and Co3O4@Co were also

prepared under the same conditions except in

the absence of GO or Co2+, or both of them,

respectively. The mass loading of Co3O4@Co

(4.4 mg), Co3O4/Co3O4@Co (9.9 mg),

RGO/Co3O4@Co (5.6 mg), CRC@Co (10 mg)

were determined by the weight difference

method [20, 34].

2.2 Characterization

The crystal phase of samples was

characterized by the wide-angle (10°-80°, 40

kV/200 mA) powder X-ray diffraction (XRD)

which using a X-ray diffractionmeter with

CuKα (λ=0.15406 nm). The morphology and

microstructures of samples were investigated

using the field-emission scanning electron

microscope (FESEM, Hitachi S-7800) and

transmission electron microscopy (TEM,

JEOL JEM-2100), respectively. Raman

spectra were recorded on an INVIA Raman

microprobe (Renishaw Instruments, England)

with a 514 nm laser excitation. The chemical

state of the products was analyzed using X-ray

photoelectron spectroscopy (XPS, ESCALAB

250Xi).

2.3 Electrochemical measurement

The electrochemical properties were

carried out in 1 M KOH aqueous solution as

the electrolyte by using a typical

three-electrode system, in which the

as-prepared CRC@Co composite was used as

working electrode, and Pt foil and saturated

calomel electrode (SCE) as counter electrode

and reference electrode, respectively. Cyclic

voltammetry (CV), galvanostatic charge-

discharge (GCD) and electrochemical

impedance spectroscopy (EIS) investigations

were carried out using a CHI 660e

electrochemical workstation [20]. The CV

measurements were performed at different

scan rates of 5, 10, 20, 50, and 100 mV s-1 in

the potential window of -0.2~0.5 V. GCD

experiments were carried out at various

current densities of 5, 10, 20, 50, and 100 mA



cm-2 (0.5, 1, 2, 5 and 10 A g-1). EIS tests were

recorded in the frequency range from 100 kHz

to 0.01 Hz with an AC signal of 5 mV.

3. Results and discussion

3.1 XRD patterns, Raman spectra and XPS of

CRC@Co composite

XRD patterns of CRC@Co composite

and contrast samples are shown in Fig.1.

Fig.1b-d represent the XRD patterns of

Co3O4/Co3O4@Co, RGO/Co3O4@Co and

CRC@Co composite prepared at 200 °C for

24 h and bared Co foil (Fig.1a), respectively.

The peaks at 41.7°, 44.8°, 47.6°, 62.7° and

75.9° in Fig.1a arise from the Co foil substrate,

corresponding to the (100), (002), (101), (102),

(110) planes (JCPDS No.05-0727), and Co

foil peaks can also be seen in other three

samples. The well-defined diffraction peaks of

Co3O4 nanosheets at 31.3°, 36.8°, 38.5°, 44.8°,

55.7°, 59.4°, 65.2° and 77.3° in Fig.1d index

to (220), (311), (222), (400), (422), (511),

(440) and (533) plane of spinel Co3O4

crystalline (JCPDS No.43-1003) [26, 27].

Fig.2a, b present the Raman spectra of

GO and CRC@Co composite, two distinct

peaks at 1356 and 1596 cm-1 are attributed to

sp3 (D band) and sp2 (G band) hybridization

carbon atoms, respectively [28]. The D/G ratio

of CRC@Co composite (1.06) is higher than

that of GO (0.81), which confirms that GO

was reduced. The peaks located at 190, 480,

522 and 691 cm-1 correspond to , ,

and vibration modes of Co3O4,

respectively [29].

The chemical composition and valence

state of CRC@Co composite is further

characterized by X-ray photoelectron

spectroscopy (XPS) in Fig.3. The wide-scan

spectrum (0~1000 eV) confirms the elements

of Co, C and O in the composite (Fig.3a), and

the peaks around 285, 530 and 790 eV

indicated C 1s, O 1s and Co 2p hybridized

orbits. As shown in Fig.3b, the peaks of Co



2p1/2 (795.3 eV) and Co 2p3/2 (779.7 eV) are

distinctly, accompanied by two shake-up

satellite peaks, which is characteristic of the

Co3O4 phase [29]. The peaks of C 1s spectrum

(Fig.3c) verifies carbon atoms in various

functional groups, and the highest peak (284.6

eV) of C-C bonds shows the large amounts of

aromatic carbon, while low intensity peaks of

C-O bonds (287.0 eV) and C=O bonds (288.2

eV) explain that GO is reduced. As for the

stronger peak at 530.0 eV in O 1s spectrum

(Fig.3d), it corresponds to the lattice oxygen

from Co3O4 [26, 30].

3.2 FESEM and TEM images of CRC@Co

composite

Fig.4 gives FESEM images of CRC@Co

composite suffering from different reaction

durations. It is seen that RGO nanosheets are

attached to the Co foil substrate with a layer of

Co3O4 nanoparticles in Fig.4a, b for

CRC@Co-12 composite, and several

hierarchical spheres consisting of Co3O4

nanoflakes are dispersed on the surface. With

the hydrothermal duration, Co3O4 nanosheets

spheres continue to grow and expand outward,

and finally connected each other to form a

complete surface in Fig.4c, d for CRC@Co-24

composite. The as-prepared 3D porous

structure is linked by 2D nanosheets materials,

which has excellent structure strength and

high specific surface area. This nanoporous

structure facilitates the adequate electrolyte

contacting which improves specific capacity

and rate performance of CRC@Co composite.

And the formation of CRC@Co composite is

indicated in Scheme.1. However, when the

hydrothermal duration further increases to 36

h, lamellar structure become large and thick

and grow to chaotic nanowalls for

CRC@Co-36 composite, shown in Fig.4e, f,

while the original 3D porous structure are

covered. Therefore, the CRC@Co composite

under the reaction time of 24 h with

outstanding morphology structure correspond



to the excellent electrochemical

supercapacitor performance.

Fig.5 shows the TEM results of

CRC@Co composite, it is clearly observed

that RGO nanosheets are evenly distributed on

the surface of Co3O4 nanosheets (NSs) as

conductive materials shown in Fig.5a. It is

also obvious that Co3O4 nanocubes (NCs) are

uniformly anchored on Co3O4 nanosheets.

According to the lattice in HR-TEM image

(Fig.5b), the fringe spacing of 0.243 nm is

assigned to the (311) plane of Co3O4, which is

consistent with the results of XRD patterns [32].

SAED pattern further confirms the

polycrystalline type of Co3O4 (Inset of

Fig.5b).

3.3 Electrochemical performances of

CRC@Co composite

The electrochemical properties including

cyclic voltammetry (CV), galvanostatic

charge-discharge (GCD) measurements and

electrochemical impedance spectroscopy (EIS)

of CRC@Co composite were tested by using a

three-electrode system in 1 M KOH solution

[34]. CV test was performed at the scan rates of

5~100 mV s-1 and in the potential window

from -0.2 to 0.5 V. Fig.6a, b show the CV and

GCD curves of CRC@Co composite prepared

at different hydrothermal temperatures (180,

200, 220 °C) and durations (12, 24, 36 h) at 10

mV s-1, in which it is obviously seen the

enveloped area of CV curves of CRC@Co

composite (200 °C, 24 h) is much bigger than

others (Fig.6a). Hence CRC@Co composite

(200 °C, 24 h) has the best capability

performance, which is also proved from the

GCD data in Fig.6b. Fig.6c shows the CV

curves of comparison samples, and the

electrochemical performance of the CRC@Co

composite electrode is much more excellent

than that of Co3O4/Co3O4@Co electrode (the

blue one) or RGO/Co3O4@Co electrode (the

red one), not to mention the Co after

hydrothermal treatment (Co3O4@Co, the black



one).

The performances of CRC@Co

composite (200 °C, 24 h) electrode were given

in Fig.6d-g. Fig.6d shows CV curves at the

scan rates of 5~100 mV s-1. The obvious redox

peaks indicate that the electrochemical

performance of CRC@Co composite is

attributed to the extrinsic pseudocapacitive

behaviors. The reaction mechanism can be

proposed in eq.1 and eq.2. As the product,

CoOOH, in eq.1, quickly undergoes the

reaction in eq.2 and turns into CoO2, these two

anodic peaks are too close to be separately

observed [7]. The peak currents increase with

scan rate (Fig.6d), suggesting that CRC@Co

composite materials have good reversibility

under rapid charge- discharge response [36].

With the enlarge of scan rate, anodic peaks

shift in the direction of high potential and

cathodic peaks shift in the direction of low

potential, which is attributed to the limitation

of ion diffusion rate to meet the electronic

neutralization during the redox reaction [37].

(1)

(2)

(3)

(4)

GCD curves of CRC@Co composite in

the potential window of -0.2~0.5 V with the

current density of 5, 10, 20, 50 and 100 mA

cm-2 (0.5, 1, 2, 5, 10 A g-1) are given in Fig.6e,

and the specific capacitance Cs and Cm can be

calculated by the eq.3 and eq.4, respectively.

Fig.6e shows that all GCD curves are

nonlinear and there exist two apparent

plateaus: -0.2-0.02 V and 0.02-0.5 V. The

short charge/discharge duration of the first

stage is ascribed to the EDLC of the electrode.

The combination of EDLC and Faradic

capacitance is responsible for the longer

charge/discharge duration (the latter stage),

which was in agreement with the results of the

CV test [44].



Where Cs (mF cm-2) and Cm (F g-1) are

both specific capacitance, is the

potential window, I (A) is the discharge

current, t (s) is the discharge time, S (cm2) is

the as prepared electrodes’ geometric surface

area, m (g) is the quality of active substance.

The specific capacitance of CRC@Co

composite at 5 mA cm-2 (0.5 A g-1) is 2272.7

mF cm-2 (227.3 F g-1) (Fig.6e), and when the

discharge current density comes to 10, 20, 50

and 100 mA cm-2 (1, 2, 5 and 10 A g-1), the

specific capacitance corresponds to 1907.1,

1585.7, 1042.9 and 528.6 mF cm-2 (190.7,

158.6, 104.3 and 52.9 F g-1). Even more, as

current density change from 5 to 50 mA cm-2,

the capacitance retention is still 46%, which

indicates outstanding rate ability (Fig.6f).

Fig.6g shows the cyclability curves of

Co3O4/Co3O4@Co, RGO/Co3O4@Co,

CRC@Co composite electrodes, in which

although the Co3O4/Co3O4@Co electrode

behaves an increasing capacity after 2000

times, but the poor storage capacity limits its

application. Furthermore, the capacitance

retention of the RGO/Co3O4@Co electrode is

only 60% after 2000 laps. Compared with

Co3O4/Co3O4@Co and RGO/Co3O4@Co

electrode, the CRC@Co electrode has an

obvious capacity improvement, and exhibits

good cycle stability overall. The specific

capacitance remains at 84.2% after 1000 times,

and 81.6% after 2000 times, it was only 3% of

capacity attenuation during the second 1000

cycles. In addition, the porous structure is well

kept after 2000 cycles, shown in Fig.S2,

suggesting that CRC@Co electrode has a

good cycalbiltiy. An electrochemical

comparison with related works is listed in

Table 1 [37, 40-43].

Fig.6h presents the Nyquist plots of

CRC@Co composite prepared at various

reaction temperatures (180, 200, 220 °C),

which are composed of a semicircle and a

straight line, located in high frequency and



low frequency regions, respectively. Such EIS

curves can be fitted with the solution

resistance (internal resistances), double layer

capacitor, and finite-length Warburg diffusion

element [38]. The equivalent series resistance

(Rs) is obtained from the X-intercept, and the

CRC@Co composite (200 °C) electrode has

the smallest Rs of 1.7 Ω, which indicates good

electrical conductivity. In addition, the line

close to vertical in low frequency region

verifies that the CRC@Co composite (200 °C)

has excellent electron-transfer performance

[39].

4. Conclusions

In summary, a Co3O4/RGO/Co3O4 (CRC)

composite was in-situ grown on Co foil

through a one-step hydrothermal method. The

CRC@Co composite directly acted as a

binder-free electrode and exhibited superior

electrochemical performances: A specific

capacitance of 2272.7 mF cm-2 (227.3 F g-1) at

5 mA cm-2 (0.5 A g-1), and still remained

1852.7 mF cm-2 (185.3 F g-1) after 2000 cycles,

when enlarged the current density for 10 times,

the capacitance retention was 46%, indicated

outstanding capacity performance and rate

ability.
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Scheme 1. The schematic diagram of formation for CRC@Co composite.

12 h 24 h
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Co2+RGO
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Table 1. Electrochemical comparisons of related works.

Samples Potential Cs (F g-1) Cyclability Ref.

Biomorphic Co3O4 0-0.45 V 130.5 (0.5 A g-1)
91.7%

(3000 Cycles)
37

Co3O4 NPs
@Ni sheet

-0.2-0.4 V 928 (1.2 A g-1)
93%

(2200 Cycles)
40

Co3O4/RGO/
CNTs

-0.2-0.45 V 378 (2 A g-1)
96%

(2300 Cycles)
41

Mesoporous
Co(OH)2

-0.3-0.45 V 421 (1.33 A g-1)
96.4%

(1000 Cycles)
42

Co3O4

microflowers
0-0.45 V 240.2 (0.625 A g-1)

96.3%
(2000 Cycles)

43

CRC@Co -0.2-0.5 V 227.3 (0.5 A g-1)
81.6%

(2000 Cycles)
This
work



Fig.1. XRD patterns of (a) Co foil, (b) Co3O4/Co3O4@Co, (c) RGO/Co3O4@Co and (d) CRC@Co

d

c

b

a



Fig.2. Raman spectra of (a) GO and (b) CRC@Co

b

a



Fig.3. XPS spectra of (a) the whole pattern of CRC@Co, (b) the Co 2p spectrum, (c) the C 1s spectrum and (d) the

O 1s spectrum

ba

c d



Fig.4. FESEM images of (a, b) CRC@Co-12, (c, d) CRC@Co-24 and (e, f) CRC@Co-36

ba

c d

fe



Fig.5. (a) TEM image of CRC@Co, (b) HR-TEM image and SAED pattern (insert) of CRC@Co

ba

Co3O4 NC Co3O4 NS RGO





Fig.6. (a, b) CV and GCD curves of CRC@Co at various reaction temperatures and durations, respectively, (c) CV

a b

c d

e f

g h



curves of controlled experimental results, (d) CV curves of CRC@Co at different scan rates, (e) GCD

curves of CRC@Co at various current density, (f) Discharge rate curves of CRC@Co, (g) Cyclability curves

of Co3O4/Co3O4@Co, RGO/Co3O4@Co and CRC@Co, (h) Nyquist plots of CRC@Co at various reaction

temperature.
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Fig.S1. SEM image of (a) Co3O4@Co, (b) Co3O4/Co3O4@Co, (c) RGO/Co3O4@Co electrodes
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b
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Fig.S2. SEM image of CRC@Co electrode after 2000 cycles



石墨碳纤维薄膜的高压静电吸附性能研究

步 超
1
徐 恩 王 奇 张龙飞 李 会 赵志刚

*

（南京工业大学,化学化工学院材料化学工程国家重点实验室,南京,210009）

摘 要 采用动态吸附实验，研究了石墨碳纤维薄膜作为电极材料在高压静电吸附过程中

的性能。运用倒置金相显微镜、扫描电子显微镜（SEM）等手段对石墨碳纤维薄膜的吸附机

理及去除微小颗粒物的性能进行了分析。研究表明，石墨碳纤维薄膜中的碳纤维表面在高

压静电的条件下能够吸附大量固体颗粒物，通过多种作用力附着于碳纤维表面，具有优异

吸附性能。实验中同时研究了异极板间电场强度、微尘气体流速、集尘面积及薄膜透气率

对吸附效率的影响。结果表明，随着电场强度增大和集尘面积的增大，系统吸附效率线性

增大。随着气体流速增大，吸附效率线性降低。石墨碳纤维薄膜的透气率与吸附效应有密

切相关性，透气率减小，吸附效率线性减低。

关键词 石墨碳纤维薄膜；固体颗粒物；吸附效率；透气率

High voltage electrostatic adsorption
properties of graphite carbon fiber thin

films

BU Chao
1

XU En WANG Qi ZHANG Longfei LI Hui ZHAO Zhigang
*

（College of Chemistry and Chemical Engineering ,Nanjing Tech University, Nanjing 210009）

Abstract The performance of graphite carbon fiber thin film as electrode material in high

voltage electrostatic adsorption process was studied through dynamic adsorption experiment. The

adsorption mechanism of graphite carbon fiber thin films were studied, as well as the properties of

the removal of small particles was analyzed by inverted microscope and scanning electron

microscope (SEM). The research shows that the surface of graphite carbon fiber in the membrane

can adsorbs a large numbers of solid particles when in high voltage electrostatic conditions.

Particles such as dust are attracted to the surface of the carbon fiber film, which has excellent

基金项目：南京工业大学材料化学工程国家重点实验室项目（38901159）；南京工业大学化工优势学科项目（38701001）
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联系人：赵志刚（1962-），男，博士，教授，研究方向：新能源、新材料。



adsorption properties. In the experiment, variables such as different electrode electric field

intensity, gas flow rate, active surface area and permeability were test, and their effects on dust

removal efficiency were recorded. The results show that the dust removal efficiency of the system

increases linearly with the increase of the of the electric field intensity and the increase of surface

area. The results also show that as the gas velocity increases, the adsorption efficiency decreases

linearly. Finally, the adsorption efficiency and air permeability of graphite carbon fiber thin film

are closely related. Less permeable membranes were shown to have decreased adsorption

efficiency .

Key words Carbon fiber; solid particulates; adsorption efficiency; air permeability

近年来，随着经济发展的突飞猛进，工

业和交通等行业能源消耗日益增大，随之

而来的是废气排放日益增多，大气环境质

量受到严重污染。据调查我国许多大城市

灰霾的天数呈逐年增加的趋势，已经由

1950-1970 年间每年几天的灰霾天数增加

到目前每年 100-200 天
[1]
。空气中 PM2.5

的大量存在导致空气污染日趋严重
[2]-3]

。

大量毒理学和流行病研究表明，环境空气

中颗粒物污染水平与个体发病率和致死率

有密切关系，由于细颗粒物 PM2.5 比表面

积较大、吸附能力较强、对人体危害更加

严重
[4]-5]

。

高压静电吸附是利用电场的作用将含尘

气体中的粉尘与气体分离出来，利用静电

力将空气中带电粉尘吸附沉降下来，以达

到除尘的目的。目前，使用的电极吸附材

料都为普通钢材，电极材料易腐蚀、易磨

损、短寿命、低效率[6]。

碳纤维（CFs）是近年来兴起的一种新

型碳材料，具有高强度、高模量、低密度

等特点，它耐高温、耐腐蚀，具有高的导

电和导热性能。碳纤维很少直接应用，大

多是经深加工制成中间产物或复合材料使

用。原料碳纤维的功能特性决定了石墨碳

纤维薄膜具有多孔、高导电、耐水、耐蚀、

机械特性好等优异性能，可用于多种领域。

石墨碳纤维薄膜中碳纤维与普通纤维相比，

比表面积高，约为后者的几十或几百倍，

是一种新型的吸附材料
[7]
。

本文主要研究了一种新型材料-石墨碳

纤维薄膜在静电吸附中的应用，并对石墨

碳纤维薄膜的除尘机理进行了分析。同时

研究了异极板间电场强度、微尘气体流速、

集尘面积及石墨碳纤维薄膜透气率对吸附

效率的影响。

1 实验部分

1.1 实验材料

石墨碳纤维薄膜，面电阻率 5mΩ·cm，

孔隙率达 70%，密度 0.35g/cm
2
,尺寸为

20cm5cm，由南京沃土新材料有限公司提

供。

1.2 实验装置



1.风机；2.气体收集气囊；3.粉尘发生器；4.静电除尘装

置；5.集尘箱体；6.阀门（气体出气口）；7.可调高压电

源

图 1 实验装置总体

1.3 实验原理及方法

静电吸附材料吸附效果测试实验装置的

工作原理，粉尘发生器输出粉尘，风机辅

助输送含有一定粉尘量的空气进入静电吸

附区，吸附材料对微尘进行吸附，吸附处

理过的气体由出气口排出。具体实验步骤

为：根据如图 1 装置，将 PM2.5 检测仪放

入左边箱体内，箱体内放置粉尘发生器，

待箱体内带微尘气体混合均匀。电极材料

接通可调高压电源，打开风机及气体流量

阀，微尘气体在左边气囊推动下通过除尘

装置后进入右侧箱体气囊。改变影响吸附

效率的不同因素，以微尘气体通过除尘装

置前后的 PM2.5 浓度的变化值计算静电除

尘器除尘效率。

2 结果与讨论

2.1 石墨碳纤维薄膜吸附机理

运用如图 1 所示装置进行实验，记录接

通可调高压电源条件下进行的实验为材料

吸附处理过实验，未接通可调高压电源条

件下进行的实验为材料未吸附处理实验。

使用倒置金相显微镜进行观测，碳纤维表

面变化如图 2 所示。

图 2 未吸附处理的材料与吸附处理过材料金相显微镜图谱

由图 2 可知，图 2（a）为未经吸附处

理的石墨碳纤维薄膜，纤维无序交叉分布，

纤维直径大致相同且表面较为光亮。图 2

（b）为经过吸附处理的石墨碳纤维薄膜，

纤维无序交叉分布，纤维直径大小不一且

表面变黑。纤维表面变化可从两方面进行

分析：1.纤维表面发生吸附，有部分固体

颗粒物附着在纤维表面。2.石墨碳纤维薄

膜在接通电源后，高压对碳纤维造成损害，

纤维表面结构发生变化。

图 3 同一集尘电极的不同部位金相显微镜图谱

图 3 所示为接通电源后，同一电极的不

同部位（a 电极表面未覆盖塑料薄膜 b 电

极表面覆盖塑料薄膜）的纤维表面形貌的

变化。a 部分纤维表面变黑，表面有亮白

色斑点分布。b 部分纤维表面形貌与未吸

附处理过材料的纤维形貌一致。结果表明，

接通高压电源，高压没有引起纤维表面形

貌变化，未对纤维表面结构产生影响，即

经过吸附实验后碳纤维表面变黑是由于纤

维表面发生了吸附，部分固体颗粒附着于

纤维表面引起。

a b

ba



图 4 石墨碳纤维薄膜吸附处理前后扫描电镜图谱

为进一步研究纤维表面发生的吸附及颗

粒物在纤维表面的形貌特征，使用扫描电

子显微镜观察碳纤维的表面形貌变化，结

果如图 4 所示。

从图 a 可见，未进行吸附处理的纤维表

面光滑且具有沿纤维轴向的沟槽，沟槽宽

度和深度不等，表面没有其他物质附着。

图 b 可见，经吸附处理纤维表面变的粗糙，

纤维表面出现了大量白色的斑点。图 c与

图 d 近一步的观测到纤维表面的变化，表

面颗粒物大小不一，经计算得到表面固体

颗粒物当量直径约为 0.35μm。颗粒物能

够均匀的分布固定于纤维表面，表明石墨

碳纤维薄膜具有吸附颗粒物的优异性能。

微尘气体进入由石墨碳纤维薄膜作为电

极形成的电场通道，微尘中的固体颗粒物

与自由电子和带电离子碰撞结合实现粉尘

带电，在电场库仑力作用下，带电粉尘驱

往集尘电极，经过一定时间到达电极中的

纤维表面，放出所带电荷而沉积于纤维表

面，在范德华力
[8]-9]

、静电力
[9]
及液桥力

[10]-11]
等多种力的共同作用下，颗粒稳固吸

附于纤维表面。石墨碳纤维薄膜中纤维为

聚丙烯腈（PAN）基碳纤维，具有较高的

单纤维捕捉能力[12]。以石墨碳纤维薄膜为

吸附电极的静电除尘器具有优异的吸附性

能。

2.2 电场强度对吸附效率的影响

除尘效率η定义为捕集下来的粉尘量与

烟气中的含尘总量比值，通常可以通过静

电吸附装置前后测得的烟尘浓度值计算除

尘效率。如果进入静电吸附装置的烟气的

初始浓度 C1，经电极吸附处理后浓度为

C2，则装置的吸附效率为：

(2-1)

对静电除尘器中的电场研究，基本的处

理方法是把电场当作静电场来处理。静电

吸附装置中，为探讨电极间电场强度与吸

附效率之间的关系，在实验条件（v=5m/s，

S=0.02m
2
）下进行实验，得到电场强度与

吸附效率之间的关系如图 5 所示。

图 5 电场强度与吸附效率的关系曲线

由图 5 可知随着电场强度的增加，装置

反应器的吸附效率增大。结果可从两方面

进行解释（1）电场强度增大，极板间空

气的电离强度增大，异极板间产生更多带

电离子，当微尘气体经过异极板间，更多

的带电离子能与微尘颗粒物进行结合，更

多的固体颗粒物在静电力作用下吸附于纤

a b

dc



维表面，即微尘能够更加有效去除。（2）

带电固体颗粒物在静电力的作用下向所带

异性电荷的电极运动。荷电尘粒向电极运

动的速度为驱进速度 w
[13]

。驱进速度是一

个表征某种尘粒静电沉落降性的参数，驱

进速度越大说明该微尘粒子越容易被吸附。

（2-2）

式中：w 为驱进速度 cm/s；E 电场强度

V/m；q 为尘粒荷电量；μ为烟气粘度；K

为修正系数；d为尘粒粒径 cm。

由式 2-2 可知，在相同实验条件，微尘

粒径、烟气粘度及尘粒荷电量均未发生变

化条件下，电场强度 E 增大，微尘粒子驱

进速度 w 增大，微尘更加容易被纤维吸附，

即电场强度增大，吸附效率线性增加。

2.3 微尘气体流速对吸附效率的影

响

微尘气体流速即含尘气体在静电除尘装

置内运动速度。静电除尘装置中，微尘气

体流速为影响除尘效率因素之一。为探讨

微尘气体流速与吸附效率之间的关系，保

证其他实验 (E=5.010
5
V/m、S=0.02m

2
) 条

件一定，不同流速得到微尘气体流速与吸

附效率之间的关系如图 6所示。

图 6微尘气体流速与吸附效率的关系曲线

由图 6 所示，石墨碳纤维薄膜作为电极

在不同风速下吸附效率不同，且随着风速

增大，吸附效率线性降低。（1）风速增

大，微尘在两极板间通道内的停留时间变

短，即固体颗粒物与带电离子结合率降低，

部分固体颗粒物不能够被吸附到纤维表面，

吸附效率降低。（2）理论上，依据多依

奇除尘公式
[14]

得到除尘效率η：

（2-3）

式中：η为除尘效率，%；A 为集尘电极

面积，m2；w 为驱进速度，m/s；Q 为含尘

气体流量，m3/s；e 为自然对数的底；

相同实验条件，其他参数均不变，以速

度 v 作为变量，故作为一常数 m，即吸附

效率η与风速 v关系可表示为：

（2-4）

即随着除尘通道内微尘气体流速增大，吸

附效率降低。（3）微尘气体流速增大，

增加了已经沉集下来的粉尘再度被高速气

流扬起带走的数量，即增大了二次扬尘效

应，吸附效率降低。

2.4 集尘电极面积对吸附效率的影

响

为探究集尘电极面积与吸附效率的关系，

实验中通过改变通道数量改变电极的面积，

实验条件（E=5.0105V/m，v=5m/s）不变，

在不同的电极排布结构下进行实验。实验

中不同通道数(1、3、5、7)所对应的电极

的排布（a、b、c、d）如图 7 所示，其中

箭头方向为微尘气体在通道内流向。



图 7 不同通道数量的电极分布

不同面积（不同通道数）石墨碳纤维薄

膜的电极与吸附效率关系如图 8 所示。

图 8 集尘面积与吸附效率的关系曲线

由图 8 可知，集尘面积的增大，装置吸

附效率线性增大。集尘通道增多，集尘面

积增大，带微尘气体中的固体颗粒物在异

极板间停留时间增加，被薄膜中碳纤维吸

附除去几率增加，即吸附效率增大。

2.5 石墨碳纤维薄膜透气率对吸附

效率的影响

石墨碳纤维薄膜透气率是指石墨碳纤维

薄膜允许气体通过的难易程度，也是衡量

其孔隙率的参数之一。石墨碳纤维薄膜具

有一定透气率，在作为电极时，微尘气体

中的固体颗粒物可通过孔隙进入材料内部，

吸附于纤维表面。为了探讨电极透气率对

吸附效率的影响，在相同实验条件

（v=5m/s E=5.0×10
5
V/m S=0.02m

2
）下，

不同透气率的石墨碳纤维薄膜与吸附效率

的关系如图 9 所示。

图 9 透气率和吸附效率的关系

研究中同时对透气率为零的金属板作为

电极的吸附行为进行了测量研究。在

（v=5m/s E=5.0×10
5
V/m S=0.02m

2
）的实

验条件下测得吸附效率为 10.64%。在相

同实验条件下，将以石墨碳纤维薄膜为电

极的测量结果与金属极板为电极的测量结

果绘制于图 9。将石墨碳纤维薄膜为电极

测量的结果延长到透气率为零时，与金属

板的测量结果吻合。因此间接证明了石墨

碳纤维薄膜的吸附效率随薄膜透气率减小

线性降低。同时可看出，在相同实验条件

下，石墨碳纤维薄膜比金属板具有更加优

异的吸附性能。

石墨碳纤维薄膜透气率降低，由纤维之

间无序交叉形成的孔隙变小，微尘中固体

颗粒物进入内部并吸附于纤维表面几率减

小。同时，透气率的降低阻碍了部分粒径

较大固体颗粒进入材料内部，即固体颗粒

物无法除去，吸附效率降低。但粒径较小

的颗粒物仍可进入内部被纤维吸附，石墨

碳纤维薄膜仍具有一定的吸附净化作用。

在石墨碳纤维薄膜制备过程中，可以通过



改变材料透气率有效提升电极材料的吸附

效率。

3 结论

（1）石墨碳纤维薄膜可用作静电除尘

电极材料，微尘气体中的固体颗粒物在多

种作用力下吸附于碳纤维表面，纤维比表

面积大，能够吸附大量固体颗粒物，在气

体吸附净化方面具有优异性能。

（2）不同实验条件对吸附效率影响不

同。异极板间电场强度和集尘面积增大，

吸附效率线性增大。微尘气体速度增大，

吸附效率线性降低。碳纤维复合材料透气

率减小，除尘效率线性减低。
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Abstract:

An anion exchange polymer (QPVI-75%) has been synthesized via the quaternization reaction of poly

(1-vinylimidazole) with 1-bromohexane. A series of cross-linked blend anion exchange membranes have been

successfully prepared based on poly [2, 2'-(p-oxydiphenylene)-5, 5'-bibenzimidazole] (OPBI) and the QPVI-75%

at varied weight ratio of OPBI to QPVI-75% using 1, 6-dibromohexane as the cross-linking agent. The resulting

cross-linked blend membranes are ductile and transparent. The effect of the content of the QPVI-75% on

membrane properties such as mechanical properties, thermal stability, ion exchange capacity (IEC), water uptake,

swelling ratio and anion conductivity were investigated in detail. The charge-discharge performance of the single

cells assembled with the cross-linked blend membranes were also studied and compared with that of the one

assembled with Nafion117. The cross-linked blend membranes exhibited 3-4 orders lower VO2+ permeability than

Nafion117 leading to much slower self-discharge rate and significantly higher coulombic efficiency of the former.

The single cell assembled with the OPBI/QPVI-75% (2:8) cross-linked blend membranes showed higher

coulombic efficiency and energy efficiency compared with Nafion117 membrane at low current densities (10 - 40

mA cm-2). Furthermore, the charge-discharge cycling performance at 80 mA cm-2 of the cell assembled with the

OPBI/QPVI-75% (3:7) cross-linked blend membrane displayed little decay after 300 charge-discharge cycles test.

Key words: Polybenzimidazole; Anion exchange membrane; Cross-linking; Vanadium permeability; Vanadium

redox flow battery



Introduction

With the development of society, traditional

fossil fuels were consumed largely lead to

environment has been destroyed seriously, so the

green and renewable energy sources (such as wind and

solar energy) have become highly attention. However,

the renewable energy sources are intermittent in

nature, and demand safe and effective large scale

electrical energy storage (EES) equipment [1].

Vanadium redox flow battery (VRFB) further

researched by Skyllas-Kazacos and co-workers is the

one of the most promising EESs because VRFB has

long cycle life, low cost and high energy efficiency

[2-4]. A high performance separator is indispensable

for a high performance of VRFB that displayed high

energy density, energy efficiency and durability. At

present, VRFB mostly utilized with Dupont’s Nafion

series as a separator, which has good ion conductivity

and excellent chemical stability. Nevertheless, this

kind of perflurosulfonic acid membranes suffers from

a drawback of vanadium ion leakage and high cost [5].

The cross contamination of the different valence of

vanadium between the positive and negative tanks

generate the severe of capacity decay and the open

circle voltage (OCV) decline of VRFB [6, 7]. In order

to reduce vanadium crossover of the various of Nafion

membranes, many modification methods have been

researched such as preparation of composite

membrane utilized with polytetrafluoroethene

substrate [8, 9], modification using interfacial

polymerization [10, 11], blend with polyvinylidene

fluoride [12]. These modification approaches can

effectively decrease the permeability of vanadium, but

the cost of VRFB is more expensive. So far, many

alternative cation exchange membranes and anion

exchange membranes were reported in VRFB

application, such as sulfonated poly (ether ether

ketone) membrane, sulfonated poly(arylene ether

sulfone) membrane, poly (vinylidene difluoride)

membrane, aminated vinylbenzyl

chloride-co-styrene-co-hydroxyethyl acrylate

membrane, poly (phenyl sulfone) membrane and

poly(phthalazinone ether ketone) membrane [13-18].

Compared to cation exchange membrane, anion

exchange membrane has lower permeability of

vanadium ions, due to Donnan exclusion influence

between anion exchange groups and vanadium ions

[19, 20].

Polybenzimidazole (PBI) is a series of aromatic

heterocyclic polymers containing benzimidazole units,

and its good mechanical stress, high thermal and

chemical stability properties, so is often utilized in fire

departments and spaces agencies [21]. In this study,

combining our research group previous work aim to

develop an alternative membrane, and our research

group has successfully prepared the soluble PBI

(OPBI) in methanesulfonic acid as solvents [22].

However, the neutral OPBI has no ion exchange



capacity (IEC) result poor conductivity, so the OPBI

never become a good separator used in VRFB. Herein,

the OPBI blend with the partial quaternization of PVI

(QPVI) was synthesized readily, and 1,

6-dibromohexane was used as cross-linking agent,

which one produce cross-linked structure to boost

mechanical performance and other the residue of PVI

was further quaternized to increase IEC. The

cross-linked OPBI/QPVI-75% blend anion exchange

membranes have been successful prepared and its

properties were investigated.

1 Experimental

1.1Materials

Poly[2,2'-(p-oxydiphenylene)-5,5'-bibenzimidazo

le] (OPBI) was synthesized as described in our

previous paper [22]. 1-Vinylimidazole, α,

α'-azobis(isobutyronitrile) (AIBN) and

1-bromohexane were purchased from Aladdin. 1,

6-dibromohexane and vanadyl sulfate (VOSO4) was

purchased from Alfa Aesar. dimethyl sulfoxide

(DMSO), toluene, MgSO4•7H2O, concentrated

sulfuric acid (95–98%) were purchased from

Sinopharm Chemical Reagent Co., Ltd. (SCRC,

China). 4,4'-Dicarboxy-diphenyl ether (DCDPE) was

kindly supplied by Peakchem (Shanghai) and vacuum

dried at 80℃. Other materials were used as received.

1.2 Preparation of anion exchange membrane

1.2.1 Synthesis of poly (1-vinyl imidazole)

Poly(1-vinyl imidazole) (PVI) was synthesized

through free radical polymerization of

1-vinylimidazole in toluene using AIBN as the

initiator under a nitrogen atmosphere at 70℃ [23] .

To a 100 mL dry three-neck flask were added

20.78 g (221 mmol) of 1-Vinylimidazole, 0.2 g of

AIBN and 30 mL of methylbenzene under a nitrogen

atmosphere. The reaction mixture was magnetically

stirred and heated at 70℃ for 4 h. Upon cooling, the

polymer was poured into acetone. The precipitate was

collected by filtration, washed with acetone for 3～4

times, and finally dried in vacuum at 60℃ for 8 h.

1.2.2 Quaternization of PVI

The PVI was partially quaternized with

1-bromohexane. The molar ratio of the PVI repeat

units to 1-bromohexane was controlled at 3/4 resulting

in a maximal degree of quaternization of 75% and the

resulting quternized polymer was denoted as

QPVI-75%. The remaining repeat units of PVI were

used for covalent cross-linking during the next step of

membrane formation. The detail reaction procedures

are described as follows.

To a 100 mL dry three-neck flask were added

3.76 g (40 mmol) of PVI and 35 mL of DMSO under a

nitrogen atmosphere. PVI was heated at 80℃ and

magnetically stirred until completely dissolved. After

cooling to room temperature, 4.95 g (30mmol) of



1-bromohexane was added to the reaction flask. The

reaction mixture was stirred and heated at 80℃ for 24

h. Upon cooling, the mixture was transferred to a dry

sample bottle in a desiccator to avoid absorbing water.

The chemical structure of the quaternized PVI

(QPVI) was characterized by 1H NMR (Bruker

Avancell 400M) spectrum and the actual degree of the

quaternization was estimated to be 59% which is

lower than the theoretical value (75%).

1.2.3 Membrane formation and post-treatment

The cross-linked blend membranes were

prepared by casting the solution mixtures of OPBI and

QPVI-75% in DMSO containing stoichiometric

amount (relative to the remaining non-quaternized

imidazole groups of the QPVI-75%) of cross-linking

agent 1,6-dibromohexane onto clean glass plates and

dried in an air oven at 80℃ for 6 h. The membranes

were peeled off from the glass plates and were further

dried in vacuum at 110℃ for 3 h to promote the

cross-linking reaction. The weight ratio of OPBI to

QPVI-75% was controlled at 2:8, 3:7, 4:6 and 5:5,

respectively, and the resulting membranes are

accordingly denoted as OPBI/QPVI-75% (2:8),

OPBI/QPVI-75% (3:7), OPBI/QPVI-75% (4:6) and

OPBI/QPVI-75% (5:5). The thickness of the

membrane was in the range 38 - 60  m. The

membranes were immersed in 1.0 M sulfuric acid at

room temperature for 48 h to convert the membranes

from their bromide anion form to sulfate form.

Subsequently, they were immersed into deionized

water for 24 h to remove the excess acid, and finally

stored in deionized water for next step single cell test.

1.3 Measurements

1.3.1 Spectral measurements

FT-IR and 1H NMR spectral analyses were

performed to confirm PVI, QPVI and a series of

blended anion exchange membranes. FT-IR spectra

were recorded on a Perkin-Elmer Paragon 1000PC

spectrometer. 1H NMR spectral was recorded on a

Varian Mercury Plus 400 MHz instrument.

1.3.2 Water uptake (WU) and swelling ratio (SR)

To evaluate the water uptake and swelling ratio

of the membranes, membrane samples (0.2-0.3 g sheet)

were first soaked in deionized water at 60℃ for 12 h,

and then wiped with absorbent paper to remove

surface water before the measurement. Afterwards, the

membranes were dried in an vacuum oven at 60℃ for

8 h. The water uptake and swelling ratio of the

membranes were calculated from the following

equation:

(1)

(2)

Where and are the weight of membrane

after and before water absorption,

respectively; and are the lengths of the

wet and dry membranes, respectively.



1.3.3 Ion exchange capacity and ionic conductivity

Ion exchange capacity (IEC) was measured using

the Mohr’s titration method as reported in previous

paper [24]. The dry membrane samples (0.2-0.3g per

sheet) in their Br- form were immersed in 1.0 M

Na2SO4 solution at room temperature for 24 h to

exchange the membrane from bromide (Br-) to

sulphate (SO42-) form. The released bromide ions from

the membrane samples were back-titrated using 0.1 M

AgNO3 solution with potassium chromate (0.25M) as

indicator. Similarly, blank titration was also performed

without the membrane.

The IEC was calculated from the following

equation:

The in-plane bromide ion (Br-) conductivity was

measured using a four-point-probe electrochemical

impedance spectroscopy technique over the frequency

range from 42 Hz to 5 MHz (3552-50 LCR, Hioki E.

E. Corporation) [25]. In brief, prior to the

conductivity measurements, the membrane samples

were equilibrated by immersing in deionized water at

room temperature for 12 h. The membranes and two

pairs of platinum plate electrodes were mounted in a

Teflon cell. The cell was placed in a thermo-controlled

humid chamber for measurement in ultrapure water at

room temperature. The resistance value was

determined from high frequency intercept of the

impedance with the real axis. The bromide ion (Br-)

conductivity was calculated from the following

equation:

(4)

Where is the distance between the two pairs of

platinum plate electrodes, and are the thickness

and width of the membrane in ultrapure water,

respectively, and R is the resistance value measured.

The measurements were conducted in triplicate for

each parameter obtained the average values.

1.3.4 Thermal stability test

The thermal stability was evaluated with

thermogravimetric analysis (TGA 2050 TA Co., Ltd.,

USA). The membrane samples were heated from room

temperature to 700℃ at a heating rate of at 10℃

min-1 under nitrogen atmosphere.

1.3.5 Tensile test

The mechanical properties of membranes were

evaluated with a computer-controlled universal testing

machine (Instron 4456, Instron Corp Co., Ltd., USA).

The membrane samples were cut into 80 mm× 5 mm

for tensile test. The gauge length was 40 mm and the

crosshead speed was 6 mm min-1 under ambient

atmosphere (room temperature, ~50% relative

humidity). For each kind of membrane, three sheets of

membrane samples were used for the measurements,

the tensile stress and the percentage elongation at

break were estimated by the averaged values of the



three membrane samples.

1.3.6 VO2+permeability

The permeability of vanadium ions across the

blend anion exchange membrane or Nafion117 was

investigated using a cell according to the method

described by Zhai et al [19]. A 12 cm2 area of

membrane was exposed to a solution of 1.0 mol L-1

VOSO4 in 2.0 mol L-1 H2SO4 20 mL on one side of

the cell and 1.0 mol L-1 MgSO4 in 2.0 mol L-1 H2SO4

20 mL on the other side. Meanwhile, both sides

solutions were magnetically stirred at 25℃ to avoid

concentration polarization. MgSO4 was used to

balance the ionic strengths of the two solutions and to

minimize the osmotic pressure effects. Samples of the

MgSO4 solution were taken at regular time and

analyzed vanadium ions concentration using ICP-OES

(Optima 8000, Perkin-Elmer Co., Ltd., USA). Every

time take samples was returned to the test reservoir

immediately after the measurement to reduce the

change of test solution. Diffusion coefficients of the

vanadium ions through the membranes in a vanadium

redox flow battery were counted based on the

equation mentioned in Luo’s work [26]. The

concentration of vanadium ions in MgSO4 solution

side as a function of time is given by using the Fick

Law:

(5)

Where V is the volume of the solution in MgSO4

reservoir sides; S and L are the effective area and

thickness of the membrane, respectively; P is the

permeability of VO2+; C
0
is the initial concentration of

VO 2+ in VOSO4 reservoir; C
t
is the concentration of

VO 2+ in MgSO4 reservoir at time (t). It is assumed

that P is independent of concentration. In our work, Ct

(less than 20 mmol) is much lower than C
0
(1.0 mol).

Then the VO2+ permeability (P) could be easily

calculated from the following equation:

(6)

1.3.7 VRFB single cell performance

The VRFB single cell was assembled by

sandwiching membrane (12.0 cm2) between two

pieces of graphite felt electrodes, and two graphite

polar plates as current collectors [27]. The starting

negative and positive electrolytes were 1.5 M V2+/V3+

in 2.0 M H2SO4 and 1.5 M VO2+/VO2+ in 2.0 M

H2SO4, respectively, and they were circulated into the



corresponding half-cell at a flow rate of about 10 mL

min-1.

The cell was charged and discharge at current

density of 10 to 80 mA cm-2 by a battery testing

system (CT-2001A-7V/3A, LAND Co., Ltd, China),

and the upper limit of charge voltage and lower limit

of discharge were 1.7 V and 0.8 V, respectively to

avoid the corrosion of graphite felts and graphite polar

plates.

The self-discharge test was conducted to

investigate the transfer of vanadium ions through

membranes under real condition. The VRFB single

cell was charged to 60% state of charge (300 mAh of

capacity) with the constant current density of 40 mA

cm-2 and then the self-discharge test started. The test

was ended when the open circuit voltage (OCV) was

lower than 0.8 V.

The cycle life test was measured at the constant

current density of 80 mA cm-2 and the

charge-discharge voltages were limited between 1.7 V

and 0.8 V, respectively.

The coulombic efficiency (CE), energy efficiency

(EE) and voltage efficiency (VE) were determined by

the following equations:

(7)

(8)

(9)

Where C
d
and C

c
were discharge and charge capacity,

E
d

and E
c

were discharge and charge energy,

respectively.

2 Results and discussion

2.1 Polymer synthesis

The synthesis of the quaternized polymer

QPVI-75% was performed by reacting the PVI with

1-bromohexane in DMSO at 80ºC for 24 h (Scheme

1). The molar ratio of the PVI repeat units to

1-bromohexane was controlled at 3/4 to ensure that

the theoretical degree of quaternization is no higher

than 75%.
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Scheme 1. The synthesis of the quaternized polymer QPVI-75%.

Fig. 1 shows the FT-IR spectra of the PVI and

the QPVI-75%. It can be seen that the intensity of the

absorption bands around 2958 cm-1 and 2853 cm-1

which are attributed to the C–H stretching of methyl



and methylene groups significantly increased after the

quaternization reaction. These changes demonstrated

that the quaternnization of the nitrogen atoms in the

imidazole ring had been achieved [23, 28, 29].

Fig. 1. FT-IR spectra of (a) PVI and (b) QPVI-75%.

The 1H NMR spectra of the PVI and the

QPVI-75% are shown in Fig. 2. For the PVI, the peak

at around 1.98 ppm is assigned to the protons of the

methylene groups (CH2) on the main chain. The peaks

from 3.25 ppm to 2.76 ppm are attributed to the

proton of the methylidyne groups (CH) on the main

chain. The peaks at 2.5 ppm and 3.3 ppm are related to

DMSO (solvent) and H2O, respectively. The peaks in

the range 7.5 - 6.5 ppm are assigned to three protons

of each imidazole ring. After quaternization, the peaks

assigned to the CH proton (D’) adjacent to the two

nitrogen atoms of each imidazolium ring shifted to

10.1 ppm, meanwhile the peaks assigned to the two

protons (c’) bonded to the -C=C- double bond shifted

to 7.3 ppm due to the electron withdrawing structure

of ammonium group [30]. The new peak around 4.13

ppm is assigned to the protons of the methylene

groups (CH2) bonded to the nitrogen atom. These

FT-IR and 1H NMR spectra analysis confirmed that

the quaternization of the PVI has been successfully

achieved. The actual degree of the quaternization was

calculated to be 59% from the integral ratio of the

peak g to the one c’ of the 1H NMR spectrum. The

remaining non-quaterized PVI units could be used as

the cross-linking sites for preparation of the

cross-linked blend membranes.
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Fig. 2. 1H NMR spectra of (a) PVI and (b) QPVI-75%.

2.2 Membrane formation and covalent cross-linking

A series of cross-linked blend membranes were

prepared by the conventional solution cast technique

using the solution mixture of the OPBI and the

QPVI-75% in DMSO containing stoichiometric

amount of the cross-linker, 1,6-dibromohexane. The

weight ratio of the OPBI to the QPVI-75% was

controlled at 2:8, 3:7, 4:6 and 5:5, respectively. The

non-quaternized imidazole rings of the remaining PVI



units and the imidazole groups of the OPBI backbones

are capable to undergo covalent cross-linking with the

cross-linker (Scheme 2). This has been confirmed by

the complete insolubility of the cross-linked blend

membranes in DMSO which is a good solvent for both

OPBI and QPVI-75%.
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Scheme 2. Procedure for the cross-linked blend anion exchange membranes.

Fig. 3 shows the FT-IR spectra of the

OPBI/QPVI cross-linked blend membranes. The peak

around 1015 cm-1 which is assigned to the stretching

vibration of C–O–C became stronger with increasing

the content of OPBI [22]. Fig. 4 shows the digital

photo images of various cross-linked blend

membranes. All the membranes are transparent

without macroscopic phase separation indicating

relatively good miscibility of the two polymers. Fig. 3. FT-IR spectra of OPBI/QPVI-75% cross-linked blend

membranes: (a) 2:8, (b) 3:7, (c) 4:6, (d) 5:5.



Fig. 4. Photographs of OPBI/QPVI-75% blend membranes: (a)

2:8, (b) 3:7, (c) 4:6, (d) 5:5.

The pure QPVI-75% membrane, regardless of

cross-linking or not, is extremely brittle making them

useless. In contrast, all the cross-linked blend

membranes including the one OPBI/QPVI-75% (2:8)

containing only 20% OPBI (relative to the QPVI-75%)

are highly ductile. This indicates that the introduction

of the OPBI is very helpful for improving the

mechanical properties of the membranes. The

mechanical properties of the cross-linked blend

membranes were measured and the data are listed in

Table 1. It can be seen that the tensile stress and

elastic modulus increase with increasing the content of

the OPBI component, which is attributed to high

strength (95.5 MPa) and high modulus (3.0 GPa)

nature of the aromatic heterocyclic polymer, OPBI [21,

31]. However, the elongation at break of the

cross-linked blend membranes decreases with

increasing the content of the OPBI. This is likely

related to the hydrophilicity of the membranes. The

QPVI-75% is highly hydrophilic, whereas the OPBI is

relatively hydrophobic. The moisture absorbed in the

cross-linked blend membranes would act as a

plasticizer which causes enhanced flexibility of the

membranes. The membranes with higher

hydrophilicity would absorb more water making them

more flexible. As a result, the membranes with higher

content of the QPVI-75% component exhibited larger

elongation at break values due to the higher

hydrophilicity. In addition, it should be noted that the

tensile stress and elastic modulus of the cross-linked

blend membranes are significantly larger than that of

Nafion117 [27, 32] indicating much better mechanical

properties of the former.

Table 1. Mechanical properties data of membranes and OPBI.

Membrane Tensile

stress (MPa)

Percentage

elongation (%)

Elastic

Modulus (MPa)

OPBI/QPVI-75% (2:8)

OPBI/QPVI-75% (3:7)

OPBI/QPVI-75% (4:6)

OPBI/QPVI-75% (5:5)

OPBI

34.8

41.6

58.1

68.0

95.5

150.7

112.0

83.8

54.2

28.1

727.1

1014.0

1556.3

1816.2

3038.1
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2.3 IEC, water uptake, swelling ratio and ionic

conductivity

The IEC, water uptake, swelling ratio and ionic

conductivity of the cross-linked blend membranes in

their bromide anion form are summarized in Table 2.

IEC is a vital factor which affects many performances

of AEMs. The IEC of the cross-linked blend

membranes is in the range from 1.10 to 1.84 meq g-1

depending on the content of the QPVI-75%. The

OPBI/PVI-75% (2:8) exhibits the highest IEC (1.84

meq g-1) due to its highest content of the PVI-75%.

Water uptake, swelling ratio and anion conductivity

are closely dependent on IEC and the membranes with

higher IEC tend to have higher water uptake, swelling

ratio and anion conductivity. Among the cross-linked

blend membranes, the OPBI/PVI-75% (2:8) exhibits

the highest water uptake (37.7%， w%), swelling

ratio (9.0%) and anion conductivity (6.8 mS cm-1) due

to its highest IEC. A suitable amount of water uptake

enables the membrane to achieve both good

conductivity and mechanical performance. However,

excessive water uptake of membrane will lead to

severe swelling and damage dimensional stability. In

this study, the cross-linked blend membranes exhibit

fairly low swelling ratio (5.2-9.0%) indicating

excellent dimensional stability of the membranes. This

is likely related to the covalent cross-linking which is

common method to suppress membrane swelling.

Another reason is probably related to the relative

hydrophobicity of the OPBI component [31].

Table 2. The IEC, water uptake, swelling ratio and ion conductivity of the blend anion exchange membranes in their Br-1 form.

Membrane IEC (mmol g-1) WU (%) SR (%) σ（mS cm-1）

OPBI/QPVI-75% (2:8)

OPBI/QPVI-75% (3:7)

OPBI/QPVI-75% (4:6)

OPBI/QPVI-75% (5:5)

1.84

1.64

1.45

1.10

31.7

22.9

21.1

18.6

9.0

7.1

6.3

5.2

6.8

5.3

3.0

1.5

2.4 Thermal stability

The thermal stability of OPBI/QPVI-75% blend

membranes was evaluated by thermogravimetric

analysis (Fig. 5). It can be seen that the residuary

weight ratio of sample membranes increases with the

increasing of OPBI mass ratio, which can be attributed

to the high thermal stability of OPBI, and the

degradation of OPBI begins approximately at 500 oC.

The initial weight loss from room temperature to 150

oC is due to the evaporation of absorbed water. The

second stage weight loss occurred in the range of

270-350 oC is attributed to the decomposition of

imidazolium groups of QPVI. The third stage weight

occurred above ~500 ºC was assigned to the

decomposition of the polymer backbone. From Fig. 5,



it can also be seen that the second stage weight loss

values are in the order: OPBI/QPVI-75% (2:8) >

OPBI/QPVI-75% (3:7) > OPBI/QPVI-75% (4:6) >

OPBI/QPVI-75% (5:5) which is just consistent with

the decreasing order of the weight content of the

QPVI-75% component.

Fig. 5. TGA thermograms of OPBI/QPVI-75% membranes: (a)

2:8, (b) 3:7, (c) 4:6, (d) 5:5.

2.5 Permeability of VO2+

It is essential that the membrane used in the

VRFB system should have low vanadium ions

permeability to enhance the coulombic efficiency and

reduce the self-discharge rate of the cell. The

variations of VO2+ concentration in permeate side

through the cross-linked blend membranes and

Nafion117 as a function of time are illustrated in Fig.

6. From this figure in combination with Equation 6,

the permeability of VO2+ can be readily calculated.

The VO2+ permeability values of the cross-linked

blend membranes (from 9.92*10-9 to 4.52*10-10 cm2

min-1) are three to four orders in magnitude lower than

that (4.23*10-6 cm2 min-1) of Nafion117 under the

same conditions. One reason for the extremely low

VO2+ permeability of the cross-linked blend

membranes is the Donnan exclusion effect resulting

from the positively charged imidazolium groups and

vanadium cations. Another reason is the covalent

cross-linking which caused low swelling ratio of the

membranes. Among the blend membranes, the one

with higher content of OPBI tends to have lower VO2+

permeability because of the lower swelling ratio. The

OPBI/QPVI-75% (5:5) displayed the lowest VO2+

permeability values because of its lowest swelling

ratio.

Fig. 6. Concentration of VO2+ in the MgSO4 compartment of

the cell separated with the OPBI/QPVI-75% blend membranes

and Nafion117 membrane.

2.6 VRFB single cell performance

Rate capability is a critical parameter to

investigate the performance of VRFB system [6].

Therefore, the columbic efficiency (CE), voltage

efficiency (VE) and energy efficiency (EE) values of



the VRFBs utilized with the OPBI/QPVI-75% blend

membranes and Nafion117 under different current

densities were evaluated. As shown in Fig. 7, for all

the membranes the CE of VRFB increased with the

increase of charge-discharge current density. In the

whole current density range tested (10 - 80 mA cm-2),

the CE values of the VRFBs assembled with the

cross-linked blend membranes are significantly higher

than that of the VRFB assembled with Nafion117. For

example, the cell assembled with the

OPBI/QPVI-75%(2:8) blend membrane exhibited a

very high CE value of 99.7% at 80 mA cm-2, while the

one assembled with Nafion117 showed a CE value of

only 92.6% at the same current density. At low current

densities, the difference in CE between the

cross-linked blend membranes and Nafion117

becomes more significant. The OPBI/QPVI-75% (2:8)

blend membrane displayed 97.4% of CE value (10 mA

cm-2), which is far better than that (72.7%) of

Nafion117 under the same conditions. This is because

CE is associated with vanadium cations crossover, and

the less vanadium cations permeated through a

membrane lead to the higher CE. The same

phenomenon has been observed with the VRFBs

assembled with other anion exchange membranes [18,

33-35]. However, the VE values of all the VRFBs

decrease with increasing charge-discharge current

density. This is because the ohmic polarization loss of

the cells increased with an increase in current density.

The VE of the VRFB assembled with the cross-linked

blend membranes were lower than that of the VRFB

assembled with Nafion117 especially at high current

densities (≥60 mA cm-2). This is due to the Donnan

exclusion effect between imidazole group and protons

leading to lower protonic conductivity and such an

effect is more serious at higher current densities. As

foregoing discussed, the bromide anion conductivity is

in the order: OPBI/QPVI-75% (2:8) >

OPBI/QPVI-75%(3:7) > OPBI/QPVI-75%(4:6) >

OPBI/QPVI-75%(5:5), and therefore the VE of VRFB

utilized with the OPBI/QPVI-75% (5:5) is lowest

among the cells assembled with the cross-linked blend

membranes. In this study, the cross-linked blend

membranes are much thinner (38 - 60 um) than

Nafion117 (178 um), however, the latter still

displayed a higher VE indicating that Nafion117

membrane has lower inner resistance in the VRFB cell.

EE is the product of CE and VE, which is used to

evaluate the ratio of the output and input energy of the

VRFBs. For all the VRFBs assembled with the

cross-linked blend membranes the EE decreased with

increasing current densities. This is because the effect

of reduction in VE with increasing in current density

is impacts more than the effect of CE. For the cell

assemble with Nafion117 the EE initially increased

with an increase in current density, then reached

maximum at 30-40 mA cm-2, and finally decreased

with increasing current density. The initial increase in

EE is attributed to the faster increase in CE, while the

final decrease in EE is due the faster decrease in VE.



Among the VRFBs assembled with the

OPBI/QPVI-75% (2:8) blend membrane displayed the

highest EE values due to its highest VE.

Fig. 7. The CE, VE and EE of VRFB single cells utilized with the OPBI/QPVI-75% blend membranes and Nafion117 under different

current densities.

The OCV (state of charge, 60%) of VRFB with

the cross-linked blend membranes and Nafion117

membrane were monitored to evaluate the

self-discharge of the VRFB, and further to verify the

VO2+ permeability. As shown in Fig. 8, the OCV of

the cell assembled with Nafion117 decreased to 0.8 V

after about 40 h, which is much shorter than that (110

– 147 h) of the VRFBs assembled with the

cross-linked blend membranes indicating much better

performance of the latter.



Fig. 8. The OCV curves for VRFBs assembled with the OPBI/QPVI-75% blend membranes and Nafion117 membrane in

self-discharge tests.

The durability of membrane is a key parameter to

VRFBs. The OPBI/QPVI-75% (2:8) cross-linked

blend membrane has higher ionic conductivity and

higher swelling ratio than other cross-liked blend

membranes, leading to relatively poor dimensional

stability. The OPBI/QPVI-75% (4:6) blend membrane

and the OPBI/QPVI-75% (5:5) blend membrane have

good dimensional stability but lower ionic

conductivity decreases VE and EE. The

OPBI/QPVI-75% (3:7) cross-linked blend membrane

showed the well balanced performance and therefore

the cell assembled with this membrane was utilized to

evaluate the durability. The charge-discharge cycling

test was performed at 80 mA cm-2 and the results are

shown in Fig. 9. The initial CE, VE and EE values are

~99%, 74% and 74 %, respectively. After 300

charge-discharge cycles, no significant drops in CE,

VE and EE are observed indicating good chemical

stability of the OPBI/QPVI-75% (3:7) membrane.

Fig. 9. Charge-discharge cycling performance (80 mA cm-2) of VRFB assembled with the OPBI/QPVI-75% (3:7) blend membrane.

3 Conclusions

1. A series of cross-linked blend membranes with

good mechanical properties have been

successfully prepared from the QPVI-75% and

OPBI using 1,6-dibromohexane as the



cross-linker.

2. The prepared cross-linked blend membranes

displayed lower swelling ratio and moderate anion

conductivity.

3. The cross-linked blend membranes showed 3-4

orders in magnitude lower VO2+ permeability than

Nafion117 because of the Donnan exclusion effect

resulting from the positively charged imidazolium

groups and vanadium cations of the former.

4. The VRFBs assembled with the cross-linked

blend membranes exhibited much higher CE and

slower self-discharge rate than that assembled

with Nafion117 because of the extremely lower

vanadium crossover of the former.

5. The VRFB assembled with the OPBI/QPVI-75%

(3:7) membrane showed little performance decay

after 300 charge-discharge cycles indicating good

durability of the membranes.
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多孔蒙脱土层间锚定铂颗粒增强电催化性能

李巍，丁炜*，魏子栋*

重庆大学化学化工学院，重庆 400044

摘要：燃料电池被认为是未来电动汽车及其他民用场合最有希望的化学电源。然而,其碳载铂催化剂活性，稳定

性以及昂贵的价格仍难满足燃料电池大规模商业化要求,制约了燃料电池发展。本文报道一种新型层状结构燃料

电池铂催化剂，该催化剂将铂插层到具有质子、电子和气体通道的层状多孔结构的刻蚀的多孔蒙脱土层间,利用

刻蚀的多孔蒙脱土层间纳米空间锚定纳米铂颗粒抑制纳米铂的迁移和团聚,利用蒙脱土/纳米颗粒强相互作用调

变铂电子结构提高催化活性，从而提高了结构和性能的稳定性。结果表明:该新型多孔层状结构催化剂相比商业

化铂碳催化剂的氧还原催化活性和稳定性分别提升了1.8和1.6倍。

关键词：铂；蒙脱土；电催化；氧还原

中图分类号：O643.36；TM 911.46 文献标识码：A

Enhancing the Stability and Activity by Anchoring Pt Nanoparticles

between the Layers of Drilled-Montmorillonite for Oxygen Reduction

Reaction

Wei Li, Wei Ding*, Zidong Wei*

(The State Key Laboratory of Power Transmission Equipment & System Security and New Technology, College

of Chemistry and Chemical Engineering, Chongqing University, Chongqing, China)

Abstract: Developing highly efficient catalyst for the oxygen reduction reaction (ORR) is a key to the fabrication

of commercially viable fuel cell devices and metal-air batteries for future energy applications. In this work, we

report a novel stable fuel cell catalyst synthesized by anchoring Pt nanoparticles (NPs) between the layers of

drilled-montmorillonite (MMT). The X-ray diffraction (XRD) patterns and transmission electron microscopy

(TEM) images show that nearly 2.5 nm Pt NPs are dispersed in the layers of drilled-MMT. The aggregations of

the Pt NPs are alleviated due to the space-confinement effect of drilled-MMT and the strong intercalation between

Pt NPs and drilled-MMT. The electrochemical measurements show that the ORR activity and durability of the

Pt/drilled-MMT catalyst are significantly enhanced compared with that of commercial Pt/C catalyst.

Key words:Pt; MMT; electrocatalysts; oxygen reduction reaction



基金项目：国家 973 课题 2012CB720300；2012CB215500；国家自然科学基金21436003；21176271；51272297
作者简介：李巍（1990-），男，博士研究生，新能源，liwei418@yahoo.com

1. Introduction

Proton exchange membrane fuel cells (PEMFCs)

have drawn significant attention as potential

environmentally friendly power sources due to their

high energy conversion efficiency and low pollutant

emissions [1-7]. The insufficient electrocatalytic

durability of Pt cathode catalysts still remains a major

bottleneck for PEMFC applications [8-10]. Currently,

the most widely used cathode catalysts are highly

dispersed 2-5 nm Pt nanoparticles (NPs) supported on

carbon black [11, 12]. The Pt cathode catalysts are

predominantly operated under harsh potential

fluctuations, particularly during start-up and

shut-down cycles where the electrode potential can

locally reach values up to 1.5 V [13]. At such a high

potential, both the corrosion of carbon support and the

Pt dissolution followed by particle growth due to

Ostwald ripening inevitably occur, leading to the

degradation of catalytic performance [14, 15]. To

address this issue, the modification of the interaction

between Pt NPs and carbon materials by decorating Pt

NP surfaces with molecules or tuning the chemical

and physical properties of the carbon supports have

been developed [9, 16-22]. These approaches are

proved to be efficient in suppressing the migration and

agglomeration of Pt NPs. However, carbon materials

still rapidly corrode in such high acidity, potential,

humidity and temperature. Thus, the development of

suitable alternatives with high catalytic activity and

stability remains a great challenge for oxygen

reduction reaction (ORR).

Fig. 1 Schematic diagram of preparing process of Pt/drilled-MMT.

Herein, we design a novel strategy to address both

durability and activity issues by anchoring Pt NPs

between the layers of drilled-montmorillonite (MMT)

via Pt ion exchange plus in situ chemical reduction in

the layers of MMT. The drilled-MMT, produced by

partial etching off MMT via hydrofluoric acid (HF)

solution, contains native defects plus newly created

defects and is very active for binding foreign elements

[23]. This efficiently binding effect provides a strong

intercalation between Pt NPs and drilled-MMT to

restrain migration, dissolution and agglomeration of Pt

NPs. In addition, the drilled-MMT composites

improve the passages of electrons, protons and gases

to the three phase interfaces for the electrocatalysis of

ORR. This new nanoarchitecture, incorporating

simultaneously above desirable design rationales,

exhibit much improved durability and activity over

commercial Pt/C for ORR.
2. Experiment section
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2.1. Material

Sodium modified montmorillonite (Na-MMT),

with the cation exchange capacity of 120 mmol/100 g,

were provided by Zhejiang Sanding Technology &

Science Company, China. Cetyltrimethylammonium

chloride (CTAC) was a product of Nankai university

fine chemical factory, China. Platinum chloride

(PtCl2) aqueous solution (PH = 4, 0.025 M and 0.05

M, from Shanghai Jiuyue Chemical Engineering

Company, China) was used as precursor of Pt. And

the reducing agent was glycol from Chengdu JinShan

Chemical Agent Factory, China. All aqueous solutions

were prepared using deionized water with a resistance

of 18.2 MΩ cm.

2.2. Preparation

Preparation of Pt/Drilled-MMT: Distance

broadened CTAC modified MMT (CTAC-MMT)

were prepared by hydration reaction. Briefly, 10 g

Na-MMT was stirred intensely in 200 mL deionized

water at 60 °C for 2 h. Then 5 g CTAC in 20 mL

deionized water was slowly added into the MMT

solution. After stirring for 10 min, the suspension

maintained at 100 °C for 17 h. The gray samples

(CTAC-MMT) were collected by filtering and

washing several times to remove the excess of CTAC

and impurities. After drying at 80 °C for 24 h, the

CTAC-MMT was obtained. Nafion, a proton

exchange membrane, is a semipermeable membrane

generally made from ionomers and designed to

conduct protons while being impermeable to gases

such as oxygen or hydrogen. Their essential function

is separation of reactants and transport of protons. To

improve the proton conductivity of the catalyst, 0.5 g

Nafion solution (5%) was added into the suspension

of 0.25 g CTAC-MMT in 10 mL glycol at room

temperature with stirring for 15 h. Then 10 mL 0.025

M Pt(NH3)2Cl2 aqueous solution was added into

suspension to ion-exchange Pt2+ with R3N+ (CTAC) at

temperature below 30 °C with stirring for 10 h. After

another 10 mL of glycol was added and the pH was

adjusted to 10.0 using 1 M NaOH in glycol solution,

the mixture was placed into a Teflon-lined autoclave

and then maintained at 160 °C for 2 h. After

reduction, the Pt/MMT should be protonated by

stirring intensely in 1 M H2SO4 for 3 h for several

times to further improve proton conductivity and

remove cation-impurity. The product (Pt/MMT) was

subsequently filtered, washed, and vacuum dried at 80

°C. At last, partial MMT was removed by 40% HF to

obtain Pt/drilled-MMT. The Pt/drilled-MMT-X% (X

= 30, 40, 50) was obtained by the different content of

HF, X% means that X weight percentage of MMT

was removed.

The content of Pt in the catalysts was determined

by spectrophotometric determination. Briefly,

Pt/MMT catalyst was treated with 40% hydrofluoric

acid solution to remove MMT and was then dissolved

in nitrohydrochloric acid. After the solvent was

evaporated, the dissolved solid remained in

nitrohydrochloric acid solution. The

platinum-containing solution was placed in a 50 mL

brown volumetric flask, and 8 mL of hydrochloric

acid (HCl), 10 mL of 20% ammonium chloride

(NH4Cl) solution and 5 mL of 20% tin dichloride

(SnCl2) solution were added. The solution was diluted

with water to the mark and kept in dark for 15 min

before the absorbance was measured at a wavelength

of 400 nm. The mass contents of Pt/MMT and Pt/C

were determined to be 44.42 wt% and 40.42 wt%,

respectively.

Preparation of Vulcan carbon: 8 g carbon black

and 320 mL nitric acid was added into a 500 mL



round-bottom flask for 4 h under boiling and

refluxing. And then the solid was washed by

deionized water until the solution become neutral.

After that, the carbon was treated into 300 °C for 0.5 h

to remove impurity. Finally, the Vulcan carbon was

obtained by ball-milling for 4 h.

Preparation of ink: Either 1 mg or 2 mg sample

and the same weight of Vulcan XC-72 carbon black

(labeled as Pt/drilled-MMT-40%#C, 4#4) were

dispersed in 200 or 300 μL of ethanol and

ultrasonicated for 15 minutes to form a uniform

catalyst ink.

2.3. Characterization

Transmission electron microscopy (TEM) was

carried out on a FEI Tecnai F20 instrument operating

at 120 kV. High-resolution transmission electron

microscopy (HRTEM) was carried out on a Zeiss

LIBRA 200 FETEM instrument operating at 200 kV.

X-ray photoelectron spectra (XPS) were acquired

using a Kratos XSAM800 spectrometer equipped with

a monochromatic Al X-ray source (Al KR, 1.4866

keV). The X-ray Diffraction (XRD) experiments were

performed on an XRD-6000 (Japan) equipped with a

Cu Kα (λ = 0.15418 nm) radiation source. The

scanning range of the 2θ angle was from 10° to 70° at

a scan speed of 2° min-1.

2.4. Electrochemical measurement

All electrochemical experiments were performed

in a standard three-electrode cell at room temperature.

The cell consisted of a glassy carbon working

electrode (GC electrode, 3 mm in diameter, PINE:

AFE3T050GC), an Ag/AgCl (saturated KCl)

reference electrode, and a platinum foil counter

electrode. We prepared the working electrodes by

applying catalyst ink onto glassy carbon (GC) disk

electrodes. In brief, the electrocatalyst was dispersed

in ethanol and ultrasonicated for 15 minutes to form a

uniform catalyst ink. A total of 3 μL of well dispersed

catalyst ink was applied onto a pre-polished GC disk.

After the disk was dried at room temperature, a drop

of 0.05 wt% Nafion solution was applied onto the

surface of the catalyst layer to form a thin protective

film. The prepared electrodes were dried overnight at

room temperature before electrochemical tests. The

cyclic voltammetry (CV) accelerating stress tests

(AST) were performed on the carbon paper electrode

at potentials between -0.2 and +1.0 V (vs. Ag/AgCl)

at a scan rate of 50 mV s-1 in N2-purged 0.1 M HClO4

at room temperature. All of the electrodes were

pretreated by being cycled at potentials between -0.2

and 1.0 V at a sweep rate of 50 mV s-1 for 50 cycles to

remove any surface contamination prior to ORR

activity testing. The ORR polarization curves were

produced in an O2-saturated 0.5 M H2SO4 solution at a

2 mV s-1 scan rate.

3. Result and discussion
(a) (b) (c) (d)

(e)



Fig. 2 TEM image of (a) Na-MMT, (b) CTAC-MMT,

(c) drilled-MMT-40%, (d) Pt/drilled-MMT-40%. (e)

Structure scheme and TEM image of

Pt/drilled-MMT-40%.

Figure 1 illustrates the entire process for the

synthesis of Pt/drilled-MMT. Sodium modified

montmorillonite (Na-MMT) were firstly modified by

cetyltrimethylammonium chloride (CTAC) to obtain

CTAC modified MMT (CTAC-MMT). As shown in

the figure 2a and b, the MMT thickness was several

hundred nanometers greater than that of CTAC-MMT,

indicating that CTAC-MMT possesses the relatively

larger layer distance. To improve the proton

conductivity, the CTAC-MMT was further modified

by intercalation of Nafion into the layers. After the ion

exchange of Pt(NH3)22+ into the layers of

CTAC-MMT with CTAC, the Pt(NH3)22+ ions were in

situ chemical reduced in the layers to anchor Pt NPs

between the MMT layers. Finally, the MMT was

removed by partially etching in HF solution. As

shown in the figure 2c and d, the remained MMT with

drilling structure possessed a larger surface area and

porosity for catalyzing ORR. The etching degree of

MMT was controlled by the addition of HF solution

during the leaching process. We prepare three kinds of

Pt/drilled-MMT catalysts with 30%, 40% and 50% of

MMT etched, (denoted as Pt/drilled-MMT-30%, 40%,

50%), respectively. The symbols of our catalysts have

been revised to Pt/B-X%#C, Y#Z, where the B

represents support; X% means that X% weight of

MMT is etched off; the presents of “#C, Y#Z” in

symbols means that the catalyst is mixed with carbon

powder and the weight ratio of catalyst to carbon

powder is Y to Z. Eg. “Pt/drilled-MMT-40%#C, 4#4”

means that the Pt/MMT catalyst is mixed with carbon

powder in a weight ratio of 4 to 4 (catalyst to carbon),

and then 40% of MMT is etched off by HF.

Figure 2e presents transmission electron

microscopy (TEM) image of the Pt/drilled-MMT-40%

catalyst. As shown in TEM image, Pt NPs with

average particle size of 2.5 nm are uniformly

dispersed between the layers of drilled-MMT, and

numbers of defects are observed in the edge and inner

plane of the drilled-MMT. This structure is favorable

for exposing the Pt NPs to various species-transport

passages: the drilled-MMT with larger layer distance

and porous structure voids for O2 and water transport,

the MMT-Nafion composite possessing excellent

proton conductivity for protons transport, and carbon

for electrons transport.
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Fig. 3 XRD pattern of bulks, Pt/MMT, Pt/drilled-MMT-30%, Pt/drilled-MMT-40% and Pt/drilled-MMT-50%.

The composition and the unique structure of the

catalysts were further investigated by X-ray diffraction

(XRD, see Figure 3). The XRD patterns of Pt/MMT

catalysts show the characteristics of both that of MMT

and Pt (Pt/C), suggesting that Pt(NH3)22+ ions are

successful reduced in the layers of MMT with the aid

of glycol. When the content of HF is increased, the

peaks of Pt are enhanced, implying that partial MMT

is etched off by HF. After the HF treatment, some

characteristic peaks of MMT become weak or

disappear, which reveals that the structure of MMT is

broken. Based on the result of XRD spectra by

Scherrer’s equation, the average particle size of Pt

NPs in Pt/MMT is 4 nm, which is an appropriate size

for catalyzing ORR [11].



Fig. 4 Nitrogen adsorption-desorption isotherm of (a) MMT, (b) drilled-MMT-30%, (c) drilled-MMT-40% and (d)

drilled-MMT-50%. Inset is the plot of BJH pore size distribution.

The surface area and porosity are important

parameters for ORR catalysts since high surface area

and high porosity would expose more catalytic sites

and benefit the mass transfer. Therefore, nitrogen

isothermal adsorption technique was applied to

characterize the surface area and porosity of the

products. As shown in figure 4, the

adsorption-desorption isotherms of MMT is the

B-type adsorption-desorption plot with a small

hysteresis loops (De Boer types) [5]. The specific

surface area of MMT according to

Brunauer-Emmett-Teller analysis is 12.309 m2 g-1 and

pore size distribution according to

Barrett-Joyner-Halenda analysis is nearly 2.089 nm,

which is much smaller than those of drilled-MMT.

The dramatic decrease in surface area and pore size

can only be ascribed by HF treatment, the

drilled-MMT-40% contained silt-shaped pores forms

more detects in the surface of MMT. The

drilled-MMT-40% shows a specific surface area of

97.159 m2 g-1 which is larger than both

drilled-MMT-30% (84.915 m2 g-1) and

drilled-MMT-50% (50.898 m2 g-1). And the pore size

distribution of drilled-MMT-40% is 7.918 nm, which

is smaller than drilled-MMT-40% (13.586 nm) and

drilled-MMT-50% (13.274 nm). These results indicate

that the content of HF has an impact on the surface

area and porosity of drilled-MMT.
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Fig. 5 (a) Cyclic voltammograms for Pt/drilled-MMT-40%#C at different catalysts/carbon ratio in N2-saturated 0.5

M H2SO4 solution with a sweep rate of 50 mV s-1, (b) Curve of current of Pt/drilled-MMT-40%#C at different

catalysts/carbon ratio at 0 V (vs. Ag/AgCl), (c) Polarization curves for Pt/drilled-MMT-40%#C at different

catalysts/carbon ratio and JM Pt/C at a rotating speed of 1600 rpm in an O2-saturated 0.5 M H2SO4 solution with a

sweep rate of 2 mV s-1, Pt loading of all electrodes are 11 µg, (d) Polarization curves for JM Pt/C (0.27 mg cm-2),

Pt/drilled-MMT-30%, Pt/drilled-MMT-40% and Pt/drilled-MMT-50% (0.26 mg cm-2) in O2-saturated 0.5 M

H2SO4 solution on carbon electrode.

The electrocatalytic properties of

Pt/drilled-MMT-40% catalysts with different carbon

black content are investigated by using a typical

three-electrode setup. All the catalysts modified

electrodes were pre-treated by repeated cycling of the

potential from -0.2 to +1.0 V versus an Ag/AgCl at a

sweep rate of 50 mV s-1 to remove surface

contamination before the test. As shown in figures 5a

and c, the capacitances of the electric double layer of

catalysts are invariably increased when the content of

carbon black increases. The electrochemical surface

areas (ECSAs) and ORR activities of catalysts also

increase until the content of carbon in composites

reaches 50 wt%. When the content of carbon in

composites is above 50 wt%, the ECSAs and ORR

activities gradually decrease. The positive current

densities at 0 V (vs. Ag/AgCl), which is

corresponding to the dehydrogenation reaction on the

Pt NPs, are summarized to reveal the change of ECSA

with the carbon content increase. As shown in figure

5b, the current densities increase with the carbon

content increase before the carbon content reaching 50

wt%, indicating that the active sites or ECSA in

catalysts increase and the Pt NPs are adequately

utilized as the increase of electronic conductivity. The

maximum ECSA of the catalyst is achieved when 50

wt% carbon was used. After that, excessive carbon

hampers the mass transport leading to the decrease of

the ECSA as the carbon content above 50 wt%. It

implies that the Pt/drilled-MMT-40%#C, 4#4

possesses the highest catalytic activity for ORR. On

the other hand, when compared with the commercial

Johnson Matthey Pt/C catalysts (JM Pt/C, 40 wt%),

Pt/drilled-MMT-40%#C, 4#4 with the better limited

current density shows comparable onset and half wave

potential. At 0.6 V vs. Ag/AgCl in 0.5 M H2SO4

solution, the Pt/drilled-MMT-40%#C, 4#4 exhibits a

similar mass activity of 1.32 mA mg-1Pt in compared

with the commercial Pt/C (1.79 mA mg-1Pt). Those

results indicate that the Pt/drilled-MMT-40% catalysts

exhibit the similar catalytic activity as the Pt/C.
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Fig. 6 Cyclic voltammograms of (a) JM Pt/C (0.27 mg cm-2) and (b) Pt/drilled-MMT-40% (0.26 mg cm-2) before

and after 1600 cycles in N2-saturated 0.5 M H2SO4 solution with a sweep rate of 50 mV s-1 on carbon electrode.

To further show superiority of catalysts, the ORR

activities of the Pt/drilled-MMT with 30%, 40% and

50% etching degree are measured by using carbon

paper electrode as gas diffusion electrode (GDE) to

simulate semi-single cell system. As shown in figure

5d, the electrocatalytic activities of the different

catalysts, as estimated from the onset potentials

(Eonset), were maximized for Pt/Drilled-MMT-40%

and decreased successively for Pt/Drilled-MMT-50%,

Pt/Drilled-MMT-30%, and Pt/C, with Eonset values of

677, 662, 660, and 634 mV versus the Ag/AgCl,

respectively. It is noted that the ORR current density

of Pt/drilled-MMT-40% catalysts modified GDE

reaches 400 mA cm-2 at 35.4 V, which is 1.65 times

higher than that of commercial Pt/C. This significant

improvement of ORR activity is ascribed to the

unique structure of the Pt/drilled-MMT which

enhances the intrinsic activity and utilization of Pt

NPs. Among the Pt/drilled-MMT catalysts modified

GDEs, the Pt/drilled-MMT-40% modified GDE

exhibits the highest ORR activity, and the

Pt/drilled-MMT-40% catalyst possesses more three

phase interfaces for ORR than Pt/drilled-MMT-30%

and Pt/drilled-MMT-50%. This indicates that the

removal of more MMT leads to the collapse of the

catalyst structure while the removal of less MMT

leads to relatively poor mass transportation and Pt

utilization.
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Fig. 7 TEM and particles size distribution of Pt/drilled-MMT-40% before (A, a) and after 1600 CV cycles (B, b),

JM Pt/C before (C, c) and after 1600 CV cycles (D, d).

Although the Pt/drilled-MMT catalysts exhibited

relatively high ORR activities, their stability is a

prominent concern. We evaluated the stabilities of the

Pt/drilled-MMT catalysts as well as commercial Pt/C

catalyst by cycling the catalysts modified GDE in the

potential range of -0.2 to +1.0 V versus the Ag/AgCl

in N2- purged 0.5 M H2SO4 (see Figure 6). The

Pt/drilled-MMT-30%, Pt/drilled-MMT-40% and

Pt/drilled-MMT-50% show 17.2%, 31.0% and 34.8%

diminution in the Pt ECSA, respectively, whereas the

Pt/C catalyst loses approximately 49.1% of its initial

ECSA after 1600 cycling. This indicates that the

Pt/drilled-MMT catalysts are more stable than Pt/C

catalyst. As noted, the stabilities of Pt/drilled-MMT

catalysts decrease with the increase of the etching

degree. Considered together with the ORR activity,

the Pt/drilled-MMT with 40% MMT etching degree is

the best one to address both durability and activity

issues. The morphologies of catalysts before and after

the CV cycling were examined by TEM (Figure 7).

For the Pt/drilled-MMT-40% catalyst, no noticeable

Pt NPs aggregation is observed after 1600 CV cycles.

The average size of the Pt NPs only slightly increase

from 2-4 to 1-5 nm, indicating that the Pt NPs are

tightly anchored and stabilized on the drilled-MMT.

In contrast, the average size of the Pt NPs in the Pt/C

catalyst increases from 2-5 nm to 2-14 nm with a

broad size distribution. These results indicate that

MMT protects Pt NPs from ripening, aggregation by

the space-confinement and anchoring effect in the

layers.

(D)(A) (B) (C)

(a)

(b)

(c)

(d)
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Fig. 8 XPS spectra of MMT, JM Pt/C and

Pt/drilled-MMT-40%.

The enhancement effect of MMT on the ORR

activity and stability is an interesting phenomenon that

is worthy of further investigation. As shown in figure

8, the X-ray photoelectron spectroscopy (XPS) of Pt 4f

on Pt/drilled-MMT shifts to higher binding energy by

0.54 eV compared with that on commercial Pt/C. This

positive shift indicates the existence of strong

interaction between Pt NPs and drilled-MMT, which

alters the electronic structure of the Pt NPs. The

unusual Pt 4f5 signals in Pt/drilled-MMT are

attributed to the overlap of Al 2p from MMT [23] and

Pt 4f5 from Pt NPs. In contrast, the Pt 4f5 (74.4 eV)

and Pt 4f7 (71.1 eV) peak of commercialized Pt/C

[19] are similar to those of bulk Pt (74.4 eV for 4f5

and 71.0 eV for 4f7), suggesting a weak interaction

between Pt and carbon support.
4. Conclusions

In summary, we have successfully designed and

synthesized a novel Pt/drilled-MMT catalyst of which

nearly 2.5 nm Pt NPs are uniformly anchored between

the layers of drilled-MMT. The Pt/drilled-MMT

shows the better ORR activity and stability than

commercial Pt/C catalysts, which definitely discloses

the merits of elaborately designed nanoarchitecture.

The enhanced stability and activity of the

drilled-MMT is attributed to the space-confinement

effect and the strong anchoring effect of the MMT

both of which prevent Pt NPs from aggregation,

consequently improving the structural integrity, the

chemical stability and the corrosion resistance of the

resulting catalyst in acidic and oxidative

environments. Synthetic protocols based on this work

provide unique opportunities for the design of new

materials as ORR catalysts.
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