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Abstract

District heating networks are commonly addressed in the literature as one of the most effective solutions for decreasing the 
greenhouse gas emissions from the building sector. These systems require high investments which are returned through the heat
sales. Due to the changed climate conditions and building renovation policies, heat demand in the future could decrease, 
prolonging the investment return period. 
The main scope of this paper is to assess the feasibility of using the heat demand – outdoor temperature function for heat demand 
forecast. The district of Alvalade, located in Lisbon (Portugal), was used as a case study. The district is consisted of 665 
buildings that vary in both construction period and typology. Three weather scenarios (low, medium, high) and three district 
renovation scenarios were developed (shallow, intermediate, deep). To estimate the error, obtained heat demand values were 
compared with results from a dynamic heat demand model, previously developed and validated by the authors.
The results showed that when only weather change is considered, the margin of error could be acceptable for some applications
(the error in annual demand was lower than 20% for all weather scenarios considered). However, after introducing renovation 
scenarios, the error value increased up to 59.5% (depending on the weather and renovation scenarios combination considered). 
The value of slope coefficient increased on average within the range of 3.8% up to 8% per decade, that corresponds to the 
decrease in the number of heating hours of 22-139h during the heating season (depending on the combination of weather and 
renovation scenarios considered). On the other hand, function intercept increased for 7.8-12.7% per decade (depending on the 
coupled scenarios). The values suggested could be used to modify the function parameters for the scenarios considered, and 
improve the accuracy of heat demand estimations.
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Abstract 

Zeolitic Imidazolate Frameworks (ZIFs) are one of the potential candidates as highly conducting networks with 
surface area with a possibility to be used as catalyst support. In the present study, highly active state-of-the-art Pt-
NCNTFs catalyst was synthesized by pyrolyzing ZIF-67 along with Pt precursor under flowing Ar-H2 (90-10 %) gas 
at 700 °C. XRD analysis indicated the formation of Pt-Co alloy on the surface of the nanostructured catalyst 
support. The high resolution TEM examination showed the particle size range of 7 to 10 nm. Proton exchange 
membrane fuel cell performance was evaluated by fabricating membrane electrode assemblies using Nafion-212 
electrolyte using H2/O2 gases (100 % RH) at various temperatures.  The peak power density of 630 mW.cm2 was 
obtained with Pt-NCNTFs cathode catalyst and commercial Pt/C anode catalyst at 70 oC at ambient pressure.�
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1. Introduction 
 
Proton exchange membrane fuel cell (PEMFC) is the most promising energy conversion technology for stationary as 
well as automotive applications due to its advantages such as lower operating temperature and higher power density 
as compared to other types of fuel cells. However, for wide-scale commercialization of PEMFCs, it should 
overcome several challenges including reducing the cost, maximizing the utilization of platinum catalyst, improving 
the performance and durability of the membrane electrode assembly. Oxygen reduction reaction (ORR) is the most 
important one due to the potentially lower exchange current density value in the PEMFC [1,2,3]. In order to have 
reasonable reaction kinetics, noble metals based nanocomposites are the most efficient electrocatalysts towards 
ORR. However the noble metal ORR catalysts are highly expensive and are the leading barriers for the PEMFC 
commercialization [4,5]. In this context, it is important to develop highly efficient and durable electrocatalysts for 
ORR [6]. Recently, metal-organic frameworks (MOFs) have emerged as a novel class of porous crystalline materials 
both as template and precursor to produce nanoporous carbons for gas storage [7], catalyst support [8], and electrode 
materials for lithium batteries [9], sensors [10], and supercapacitors [11]. Zeolitic imidazolate frameworks (ZIFs) as 
a subclass of MOFs are excellent materials for the synthesis of nanocarbon electrocatalysts with abundant carbon 
and nitrogen [12,13]. MOF-derived nanocomposites reported as poor ion and electron transport materials due to 
poor graphitic degree and microporous structures [14-16]. The use of ZIFs as a precursor for the synthesis of N-
doped CNTs (NCNTs) structures has rarely been reported as ORR electrocatalyst [17-19]. In the preliminary study, 
cathode with ultra-low loading of Pt on N-doped carbon nanotube frameworks (Pt-NCNTFs) was developed and 
evaluated towards ORR catalyst in the PEMFC.  The Pt-NCNTFs nanocatalyst was characterized using x-ray 
diffraction, scanning electron microscope and transmission electron microscope for composition, and nature of 
particle morphology and distribution. Membrane electrode assemblies fabricated with Pt-NCNTFs cathode 
nanoelectrocatalyst catalyst (loading of 0.12 mg Pt per cm2) showed a peak power density of ∼630 mW.cm−2 at 70 ◦
C with H2 and O2 gases at 100 % RH under ambient operating pressure, with excellent performance stability. 
 
2. Experimental 
2.1 Synthesis of ZIF-67 particles 
ZIF-67 samples were synthesized as described in the published literature [3].  In a typical synthesis, 2-
methylimidazole (1.97 g) was dissolved in a mixed solution of 20 ml of methanol and 20 ml of ethanol. Co(NO3)2 
.6H2O (1.746 g) was dissolved in another mixed solution of 20 ml of methanol and 20 ml of ethanol. The above two 
solutions were then mixed under continuous stirring for few minutes and held for 20 h at room temperature. The 
purple precipitate was collected by centrifuging the solution, washed in ethanol several times and dried at 80 °C 
overnight. The flowchart in Figure 1 provides the process steps sequentially.  

 
 
 
 
 
 
 
 
 
 

Figure 1. Process flowchart for Pt-NCNTFs Synthesis.

2.2 Synthesis of Pt-NCNTFs 
The ZIF-67 particles were soaked with H2PtCl6.6H2O solution (5 wt % solution in DI water) and the resulting 
material was dried at 80 °C for 1h. The dried powder was heated at 350 °C   for 1.5 h then raised to 700 °C at a ramp 
rate of 2 °C per minute and pyrolyzed for 3.5 h under flowing Ar/H2 (90%/10% in volume ratio) atmosphere (see 
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Figure 1). The as-prepared black powder product after cooling down to room temperature naturally was treated in 
0.5M H2SO4 solution for 6 h. The resulting sample was collected by centrifugation, repeatedly washed with DI 
water, and then dried at 80 °C.  NCNTFs were synthesized by following same protocol without adding Pt precursor. 
The synthesis process reported here used only single precursor as carbon, nitrogen and Co source. 

2.3 Catalyst Characterization 
The morphology and structure of the Pt-NCNTFs were characterized by Scanning Electron Microscopy (SEM, 
Hitachi S-3500 N) and Transmission Electron Microscopy (TEM, Philips CM200, 200 kV). Powder X-Ray 
diffraction (XRD) are recorded using SIEMENS D5000 X-Ray Diffractometer with Cu Kα radiation (Cu Kα, λ = 
1.54, 40 kV and 30 mA).   

2.4 Electrochemical single cell measurements 
2.4.1 Catalyst Coated Membranes 
The cathode catalyst ink was prepared by dispersing Pt-NCNTFs (or Pt/C for anode) in Nafion solution (Ion Power, 
Inc., LQ-1005-1000 EW, 5% wt.) and isopropyl alcohol. The catalyst coated membrane (CCM) was fabricated 
coating the catalyst ink by micro-spray method on Nafion-212 (Ion Power Inc., USA) membrane and vacuum-dried 
at 70 °C. The catalyst loading was 0.2 and 0.12 mg Pt per cm2 on the anode and cathode sides of the CCM, 
respectively.    

2.4.2 Gas diffusion layer   
Teflonized non-woven carbon paper (GD07508G, Hollingsworth & Vose Company) was used as a substrate for 
fabricating gas diffusion layers (GDLs).  Nano-chain Pureblack carbon (grade 205-110) from Superior Graphite Co., 
VGCF from Showa Denka, Teflon dispersion (TE-3859) from DuPont Fluoroproducts and SDS (C12H25SO4Na) 
from Fisher Scientific were used for carbon slurry preparation.  0.5 g of carbon powder (73.16 wt.% Pure black 
carbon powder and 26.84 wt.% VGCF) was dispersed in 8 ml DI water containing 120 mg of SDS by stirring the 
mixture for 10 min and sonicated for 30 min. PTFE (34 wt.%) dispersion was added into the mixture and followed 
with the magnetic stirring for 10 min. The carbon slurry (micro-porous layer) was coated onto the non-woven 
carbon paper substrates using Easycoater equipment (EC26, Coatema) and sintering at 350 °C for 30 min in air.   

2.4.3 Fuel cell assembly and Testing 
The MEAs were assembled by sandwiching the CCM with the gas diffusion layers on both sides in the PEMFC test 
cell (Fuel Cell Technologies Inc., USA) of the CCM. Silicone coated fabric (Product # CF1007, Saint-Gobain 
Performance Plastics, USA) gasket used and the cell was tightened with a uniform torque of 40 lb-in. Single cell 
fuel cell performance was evaluated using Greenlight Test Station (G50 Fuel Cell Test Station, Hydrogenics, 
Canada) at 50, 60 and, 70 °C with H2/O2 at ambient pressure by galvanostatic polarization. The relative humidity of 
the reactant gases were maintained at 100 % by controlling the humidity bottle temperatures (both at 400 SCCM, 
respectively). 

3. Results and Discussion 
The surface morphology as well as the physical dimension of the 
NCNTFs and Pt-NCNTFs cathode catalysts as examined under 
SEM and TEM are shown in Figure 2(a and c)  and 2(b and d), 
respectively. As can be seen clearly from the SEM images, the 
carbon nanotubes are grown on the surface of ZIF-67, which is 
slightly different from the published literature [20].  

Figure 2. Scanning Electron Micrographs of (a,b) Pt-NCNTFs, and 
Transmission Electron Micrographs of (c) NCNTFs and (d) Pt-
NCNTFs.
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The possible reason for the growth of carbon nanotubes is due to the more reducing environment under flowing Ar 
gas with 10 % H2 during the pyrolysis, similar to a CVD process.  As evident from the TEM image shown in Figure 
2c, the presence of well-defined multiwall carbon nanotubes is confirmed, as observed in the surface examination by 
SEM. The darker spot located at upper right is Co particle as measured by EDS analysis with ~15 nm in diameter. 
As seen in Figure 2d, the average Pt particle sizes are in the range of 7-10 nm, which could lead to fairly high 
performance and longevity. The catalyst particles are in the range of 4 to 8 nm yielding good performance and 
improved durability [21].    In addition, graphitic lattice fringes (with 0.34 nm) are also evidenced for providing 
superior conducting network as well as electrochemical stability.     

Figure 3. X-Ray diffractrograms of (a) 
NCNTFs and (b) Pt-NCNTFs.

XRD patterns for NCNTFs and Pt-
NCNTFs are given in Figure 3. As clearly 
observed, both the NCNTFs and Pt-
NCNTFs show the presence of graphitic 
carbon at 2value of ~26.3 (hkl value: 
002), confirming the graphitized CNTs 
under TEM examination. Other 3 
diffraction peaks in the NCNTFs (Figure 
3a) are identified as Co (111), Co (200) 
and Co (220) planes at the 2values of 
44.36, 51.67 and 75.98, respectively.  In 
the case of Pt-NCNTFs, the presence of 
Pt-Co alloy is identified and is expected to 
exhibit enhanced electrochemical 
performance towards ORR [22]. Based on 
the lattice parameters of Pt (3.92 Å) and 
Co (3.53 Å), the composition of the Pt-
NCNTFs (3.86 Å) is estimated to be 84 - 
16 atomic wt. % Pt-Co alloy using 

Vegard’s law [23]. From the Scherrer Equation the average crystallite size was calculated by FWHM, for the Pt-
NCNTFs as 10.5 nm which is nearly identical to the values estimated from TEM images.  

Figure 4. Fuel Cell Performance 
using Pt-NCNTFs cathode 
catalysts at various 
temperatures with H2 and O2

gases, 100 % RH at ambient 
pressure. The open symbols 
represent the power density 
values.

Figure 4 shows the PEM fuel 
cell performance of the MEAs 
with Pt-NCNTFs cathode and 
commercial Pt/C anode catalysts 
using H2 and O2 at various 
temperatures up to 70 oC. It is 
very encouraging to observe that 
the cathode with extremely low 
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loading of 0.12 mg Pt per cm2 showed a peak power density of 630 mW per cm2 at 70 oC with H2 and O2 gases at 
ambient pressure at 100 % RH. Further evaluation of the Pt-CNTFs nanocatalysts under various operating 
conditions as well as durability is in progress.  

4. Conclusions 
Pt nanoparticles of size 10 nm were supported on nitrogen doped carbon nanotubes framework prepared from 
pyrolysis of ZIF-67 at 700 °C in an Ar/H2 (90/10 %) environment. ZIF-67 served as single source for Co, C and N. 
The MEA with Pt-NCNFs nanocatalyst showed excellent PEMFC performance with a peak power density of 630 
mW.cm−2 using Nafion-212 membrane at 70 ◦C with H2 and O2 gases at ambient operating pressure. The fuel cell 
performance with low Pt loading towards ORR could be attributed to the synergistic effect from Pt, Co, Pt-Co alloy, 
nitrogen and carbon nanotubes framework. It was interesting that the composition of the nannocatalyst Pt-NCNTFs 
estimated using Vegard’s law was 84 - 16 atomic wt. % Pt-Co alloy. 

5. References 
 
1. Suntivich, Jin, Hubert A. Gasteiger, Naoaki Yabuuchi, Haruyuki Nakanishi, John B. Goodenough, and Yang 

Shao-Horn, Nature Chemistry, 3 (2011) 546-550. 
2. Bruce, Peter G., Stefan A. Freunberger, Laurence J. Hardwick, and Jean-Marie Tarascon, Nature materials 

11(2012) 19-29. 
3. Xia, Bao Yu, Ya Yan, Nan Li, Hao Bin Wu, Xiong Wen David Lou, and Xin Wang, Nature Energy 1 (2016) 

15006. 
4. Borup, Rod, Jeremy Meyers, Bryan Pivovar, Yu Seung Kim, Rangachary Mukundan, Nancy Garland, Deborah 

Myers, Chemical reviews 107 (2007) 3904-3951. 
5. Meier, Josef C., Ioannis Katsounaros, Carolina Galeano, Hans J. Bongard, Angel A. Topalov, Aleksander 

Kostka, Arndt Karschin, Ferdi Schueth, and Karl JJ Mayrhofer., Energy & Environmental Science 5 (2012) 
9319-9330. 

6.  Chen, Zhongwei, Drew Higgins, Aiping Yu, Lei Zhang, and Jiujun Zhang., Energy & Environmental Science 4 
(2011) 3167-3192. 

7. Jiang, Hai-Long, Bo Liu, Ya-Qian Lan, Kentaro Kuratani, Tomoki Akita, Hiroshi Shioyama, Fengqi Zong, and 
Qiang Xu,  J. American Chemical Society, 133 (2011) 11854-11857. 

8. Zhang, Yunsong, Rong Zhu, Ying Cui, Jindi Zhong, Xiaohua Zhang, and Jinhua Chen.,   Nanotechnology, 25 
(2014) 135607. 

9. Xu, Guiyin, Bing Ding, Laifa Shen, Ping Nie, Jinpeng Han, and Xiaogang Zhang.,  J. Materials Chemistry A, 1 
(2013) 4490-4496. 

10. Gai, Pengbo, Hejing Zhang, Yunsong Zhang, Wei Liu, Gangbing Zhu, Xiaohua Zhang, and Jinhua Chen.,   J. 
Materials Chemistry B, 1 (2013) 2742-2749. 

11. Chaikittisilp, Watcharop, Ming Hu, Hongjing Wang, Hou-Sheng Huang, Taketoshi Fujita, Kevin C-W. Wu, 
Lin-Chi Chen, Yusuke Yamauchi, and Katsuhiko Ariga.,  Chemical communications, 48 (2012) 7259-7261. 

12. Palaniselvam, Thangavelu, Bishnu P. Biswal, Rahul Banerjee, and Sreekumar Kurungot.,   Chemistry–A 
European Journal,19 (2013) 9335-9342. 

13. Zhang, Peng, Fang Sun, Zhonghua Xiang, Zhigang Shen, Jimmy Yun, and Dapeng Cao.,  Energy & 
Environmental Science 7 (2014) 442-450. 

14. Jiang, Hai-Long, Bo Liu, Ya-Qian Lan, Kentaro Kuratani, Tomoki Akita, Hiroshi Shioyama, Fengqi Zong, and 
Qiang Xu.,   J. American Chemical Society 133 (2011) 11854-11857. 

15. Wu, Zhong Shuai, Long Chen, Junzhi Liu, Khaled Parvez, Haiwei Liang, Jie Shu, Hermann Sachdev, Robert 
Graf, Xinliang Feng, and Klaus Müllen.,   Advanced Materials, 26 (2014) 1450-1455. 

16. Zhao, Dan, Jiang Lan Shui, Lauren R. Grabstanowicz, Chen Chen, Sean M. Commet, Tao Xu, Jun Lu, and Di 
Jia Liu., Advanced Materials 26 (2014) 1093-1097. 

17. Zhao, Dan, Jiang Lan Shui, Chen Chen, Xinqi Chen, Briana M. Reprogle, Dapeng Wang, and Di-Jia Liu,  
Chemical Science, 3 (2012) 3200-3205. 

18. Zhang, Wang, Zhen-Yu Wu, Hai-Long Jiang, and Shu-Hong Yu,   J. American Chem. Soc., 136 (2014) 14385-
14388. 

6 Author name / Energy Procedia 00 (2017) 000–000 

19. Su, Panpan, Hui Xiao, Jiao Zhao, Yi Yao, Zhigang Shao, Can Li, and Qihua Yang.,   Chemical Science, 4 (2013) 
2941-2946. 

20. Hsu, Shao-Hui, Chun-Ting Li, Heng-Ta Chien, Rahul R. Salunkhe, Norihiro Suzuki, Yusuke Yamauchi, Kuo-
Chuan Ho, and Kevin C-W. Wu,  Scientific reports, 4 (2014). 

21. J. F. Lin, A. Adame, and A. M. Kannan,   J. Electrochem. Soc., 157 (2010) B846-B851. 
22. Wang, Deli, Huolin L. Xin, Robert Hovden, Hongsen Wang, Yingchao Yu, David A. Muller, Francis J. DiSalvo, 

and Héctor D. Abruña,  Nature materials, 12 (2013) 81-87. 
23. Wang, Guang-Hui, Jakob Hilgert, Felix Herrmann Richter, Feng Wang, Hans-Josef Bongard, Bernd Spliethoff, 

Claudia Weidenthaler, and Ferdi Schüth., Nature materials, 13 (2014) 293-300.  
 



	 A.M. Kannan  / Energy Procedia 138 (2017) 14–19� 19 Author name / Energy Procedia 00 (2017) 000–000   5

loading of 0.12 mg Pt per cm2 showed a peak power density of 630 mW per cm2 at 70 oC with H2 and O2 gases at 
ambient pressure at 100 % RH. Further evaluation of the Pt-CNTFs nanocatalysts under various operating 
conditions as well as durability is in progress.  

4. Conclusions 
Pt nanoparticles of size 10 nm were supported on nitrogen doped carbon nanotubes framework prepared from 
pyrolysis of ZIF-67 at 700 °C in an Ar/H2 (90/10 %) environment. ZIF-67 served as single source for Co, C and N. 
The MEA with Pt-NCNFs nanocatalyst showed excellent PEMFC performance with a peak power density of 630 
mW.cm−2 using Nafion-212 membrane at 70 ◦C with H2 and O2 gases at ambient operating pressure. The fuel cell 
performance with low Pt loading towards ORR could be attributed to the synergistic effect from Pt, Co, Pt-Co alloy, 
nitrogen and carbon nanotubes framework. It was interesting that the composition of the nannocatalyst Pt-NCNTFs 
estimated using Vegard’s law was 84 - 16 atomic wt. % Pt-Co alloy. 

5. References 
 
1. Suntivich, Jin, Hubert A. Gasteiger, Naoaki Yabuuchi, Haruyuki Nakanishi, John B. Goodenough, and Yang 

Shao-Horn, Nature Chemistry, 3 (2011) 546-550. 
2. Bruce, Peter G., Stefan A. Freunberger, Laurence J. Hardwick, and Jean-Marie Tarascon, Nature materials 

11(2012) 19-29. 
3. Xia, Bao Yu, Ya Yan, Nan Li, Hao Bin Wu, Xiong Wen David Lou, and Xin Wang, Nature Energy 1 (2016) 

15006. 
4. Borup, Rod, Jeremy Meyers, Bryan Pivovar, Yu Seung Kim, Rangachary Mukundan, Nancy Garland, Deborah 

Myers, Chemical reviews 107 (2007) 3904-3951. 
5. Meier, Josef C., Ioannis Katsounaros, Carolina Galeano, Hans J. Bongard, Angel A. Topalov, Aleksander 

Kostka, Arndt Karschin, Ferdi Schueth, and Karl JJ Mayrhofer., Energy & Environmental Science 5 (2012) 
9319-9330. 

6.  Chen, Zhongwei, Drew Higgins, Aiping Yu, Lei Zhang, and Jiujun Zhang., Energy & Environmental Science 4 
(2011) 3167-3192. 

7. Jiang, Hai-Long, Bo Liu, Ya-Qian Lan, Kentaro Kuratani, Tomoki Akita, Hiroshi Shioyama, Fengqi Zong, and 
Qiang Xu,  J. American Chemical Society, 133 (2011) 11854-11857. 

8. Zhang, Yunsong, Rong Zhu, Ying Cui, Jindi Zhong, Xiaohua Zhang, and Jinhua Chen.,   Nanotechnology, 25 
(2014) 135607. 

9. Xu, Guiyin, Bing Ding, Laifa Shen, Ping Nie, Jinpeng Han, and Xiaogang Zhang.,  J. Materials Chemistry A, 1 
(2013) 4490-4496. 

10. Gai, Pengbo, Hejing Zhang, Yunsong Zhang, Wei Liu, Gangbing Zhu, Xiaohua Zhang, and Jinhua Chen.,   J. 
Materials Chemistry B, 1 (2013) 2742-2749. 

11. Chaikittisilp, Watcharop, Ming Hu, Hongjing Wang, Hou-Sheng Huang, Taketoshi Fujita, Kevin C-W. Wu, 
Lin-Chi Chen, Yusuke Yamauchi, and Katsuhiko Ariga.,  Chemical communications, 48 (2012) 7259-7261. 

12. Palaniselvam, Thangavelu, Bishnu P. Biswal, Rahul Banerjee, and Sreekumar Kurungot.,   Chemistry–A 
European Journal,19 (2013) 9335-9342. 

13. Zhang, Peng, Fang Sun, Zhonghua Xiang, Zhigang Shen, Jimmy Yun, and Dapeng Cao.,  Energy & 
Environmental Science 7 (2014) 442-450. 

14. Jiang, Hai-Long, Bo Liu, Ya-Qian Lan, Kentaro Kuratani, Tomoki Akita, Hiroshi Shioyama, Fengqi Zong, and 
Qiang Xu.,   J. American Chemical Society 133 (2011) 11854-11857. 

15. Wu, Zhong Shuai, Long Chen, Junzhi Liu, Khaled Parvez, Haiwei Liang, Jie Shu, Hermann Sachdev, Robert 
Graf, Xinliang Feng, and Klaus Müllen.,   Advanced Materials, 26 (2014) 1450-1455. 

16. Zhao, Dan, Jiang Lan Shui, Lauren R. Grabstanowicz, Chen Chen, Sean M. Commet, Tao Xu, Jun Lu, and Di 
Jia Liu., Advanced Materials 26 (2014) 1093-1097. 

17. Zhao, Dan, Jiang Lan Shui, Chen Chen, Xinqi Chen, Briana M. Reprogle, Dapeng Wang, and Di-Jia Liu,  
Chemical Science, 3 (2012) 3200-3205. 

18. Zhang, Wang, Zhen-Yu Wu, Hai-Long Jiang, and Shu-Hong Yu,   J. American Chem. Soc., 136 (2014) 14385-
14388. 

6 Author name / Energy Procedia 00 (2017) 000–000 

19. Su, Panpan, Hui Xiao, Jiao Zhao, Yi Yao, Zhigang Shao, Can Li, and Qihua Yang.,   Chemical Science, 4 (2013) 
2941-2946. 

20. Hsu, Shao-Hui, Chun-Ting Li, Heng-Ta Chien, Rahul R. Salunkhe, Norihiro Suzuki, Yusuke Yamauchi, Kuo-
Chuan Ho, and Kevin C-W. Wu,  Scientific reports, 4 (2014). 

21. J. F. Lin, A. Adame, and A. M. Kannan,   J. Electrochem. Soc., 157 (2010) B846-B851. 
22. Wang, Deli, Huolin L. Xin, Robert Hovden, Hongsen Wang, Yingchao Yu, David A. Muller, Francis J. DiSalvo, 

and Héctor D. Abruña,  Nature materials, 12 (2013) 81-87. 
23. Wang, Guang-Hui, Jakob Hilgert, Felix Herrmann Richter, Feng Wang, Hans-Josef Bongard, Bernd Spliethoff, 

Claudia Weidenthaler, and Ferdi Schüth., Nature materials, 13 (2014) 293-300.  
 


