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1. My name is June Ann Munford. I am over the age of 18, have personal 

knowledge of the facts set forth herein, and am competent to testify to the 

same. 

 

2. I earned a Master of Library and Information Science (MLIS) from the 

University of Wisconsin-Milwaukee in 2009. I have over ten years of 

experience in the library/information science field. Beginning in 2004, I 

have served in various positions in the public library sector including 

Assistant Librarian, Youth Services Librarian and Library Director. I have 

attached my Curriculum Vitae as Appendix CV. 

 

3. During my career in the library profession, I have been responsible for 

materials acquisition for multiple libraries. In that position, I have cataloged, 

purchased and processed incoming library works. That includes purchasing 

materials directly from vendors, recording publishing data from the material 

in question, creating detailed material records for library catalogs and 

physically preparing that material for circulation. In addition to my 

experience in acquisitions, I was also responsible for analyzing large 

collections of library materials, tailoring library records for optimal catalog 
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search performance and creating lending agreements between libraries 

during my time as a Library Director.  

 
4. I am fully familiar with the catalog record creation process in the library 

sector. In preparing a material for public availability, a library catalog record 

describing that material would be created. These records are typically 

written in Machine Readable Catalog (herein referred to as “MARC”) code 

and contain information such as a physical description of the material, 

metadata from the material’s publisher, and date of library acquisition. In 

particular, the 008 field of the MARC record is reserved for denoting the 

date of creation of the library record itself. As this typically occurs during 

the process of preparing materials for public access, it is my experience that 

an item’s MARC record indicates the date of an item’s public availability. 

 
5. Typically, in creating a MARC record, a librarian would gather various bits 

of metadata such as book title, publisher and subject headings among others 

and assign each value to a relevant numerical field. For example, a book’s 

physical description is tracked in field 300 while title/attribution is tracked in 

field 245. The 008 field of the MARC record is reserved for denoting the 

creation of the library record itself. As this is the only date reflecting the 

inclusion of said materials within the library’s collection, it is my experience 
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that an item’s 008 field accurately indicates the date of an item’s public 

availability. 

 
6. I have reviewed Exhibit LGES-1005, “Multi-walled carbon nanotubes 

functionalized by carboxylic groups: Activation of TiO 2 (anatase) and 

phosphate olivines (LiMnPO4; LiFePO4) for electrochemical Li-storage” by 

Ladislav Kavan, et. al as published in Journal of Power Sources, August 

2010.  

 
7. Attached hereto as Appendix KAVAN01 is a true and correct copy of the 

MARC record for Journal of Power Sources as held by the Penn State 

University library. I secured this record myself from the library’s public 

catalog. The MARC record contained within Appendix KAVAN01 

accurately describes the title, author, publisher, and ISSN number of Journal 

of Power Sources. The ‘Publication Frequency’ field of this record visible 

on page 2 indicates this collection includes the August 2010 edition of 

Journal of Power Sources containing “Multi-walled carbon nanotubes 

functionalized by carboxylic groups: Activation of TiO 2 (anatase) and 

phosphate olivines (LiMnPO4; LiFePO4) for electrochemical Li-storage”.  
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8. Attached hereto as Appendix KAVAN02 is a true and correct copy of 

“Multi-walled carbon nanotubes functionalized by carboxylic groups: 

Activation of TiO 2 (anatase) and phosphate olivines (LiMnPO4; LiFePO4) 

for electrochemical Li-storage” as published in Journal of Power Sources as 

held by the Penn State University library. I secured this file myself from the 

library’s collection. In comparing Exhibit LGES-1005 to Appendix 

KAVAN02, it is my determination that Exhibit LGES-1005 is a true and 

correct copy of “Multi-walled carbon nanotubes functionalized by 

carboxylic groups: Activation of TiO 2 (anatase) and phosphate olivines 

(LiMnPO4; LiFePO4) for electrochemical Li-storage” by Ladislav Kavan, 

et. al as published in Journal of Power Sources August 2010.  

 
9. The 008 field of the MARC record in Appendix KAVAN01 indicates the 

date of record creation. The 008 field of Appendix KAVAN01 indicates the 

Penn State University library first acquired this journal as of May 27, 1998 

and still holds the journal in perpetuity. Considering this information, it is 

my determination that Journal of Power Sources August 2010 and therefore 

“Multi-walled carbon nanotubes functionalized by carboxylic groups: 

Activation of TiO 2 (anatase) and phosphate olivines (LiMnPO4; LiFePO4) 

for electrochemical Li-storage” was made available to the public by Penn 

State University shortly after its initial release in August 2010. 
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10. Attached hereto as Appendix KAVAN03 is a true and correct copy of a web 

page entitled “Multi-walled carbon nanotubes functionalized by carboxylic 

groups: Activation of TiO 2 (anatase) and phosphate olivines (LiMnPO4; 

LiFePO4) for electrochemical Li-storage” hosted on the ScienceDirect 

website at 

https://www.sciencedirect.com/science/article/abs/pii/S0378775310004180. 

I secured these screen captures myself. 

 
11. Appendix KAVAN03 is a page describing “Multi-walled carbon nanotubes 

functionalized by carboxylic groups: Activation of TiO 2 (anatase) and 

phosphate olivines (LiMnPO4; LiFePO4) for electrochemical Li-storage” 

and contains a link to purchase a full-text copy of this paper. Page 1 of 

Appendix KAVAN03 indicates “Multi-walled carbon nanotubes 

functionalized by carboxylic groups: Activation of TiO 2 (anatase) and 

phosphate olivines (LiMnPO4; LiFePO4) for electrochemical Li-storage”  

was first made available online via ScienceDirect as of March 12, 2010.  

 
12. I have been retained on behalf of the Petitioner to provide assistance in the 

above-illustrated matter in establishing the authenticity and public 

availability of the documents discussed in this declaration. I am being 
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compensated for my services in this matter at the rate of $200.00 per hour 

plus reasonable expenses.  My statements are objective, and my 

compensation does not depend on the outcome of this matter. 

 
13. I declare under penalty of perjury that the foregoing is true and correct. I 

hereby declare that all statements made herein of my own knowledge are 

true and that all statements made on information and belief are believed to 

be true; and further that these statements were made the knowledge that 

willful false statements and the like so made are punishable by fine or 

imprisonment, or both, under Section 1001 of Title 18 of the United States 

Code. 

 
 
Dated: 6/6/2024 
 
 
 
June Ann Munford 
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June A. Munford 
Curriculum Vitae 
 
Education 
 
University of Wisconsin-Milwaukee - MS, Library & Information Science, 2009 
Milwaukee, WI 
 

● Coursework included cataloging, metadata, data analysis, library systems, 
management strategies and collection development. 
● Specialized in library advocacy, cataloging and public administration. 

 
Grand Valley State University - BA, English Language & Literature, 2008 
Allendale, MI 

 
● Coursework included linguistics, documentation and literary analysis. 
● Minor in political science with a focus in local-level economics and 
government. 

 
 
Professional Experience 
 
Researcher / Expert Witness, October 2017 – present 
Freelance ● Pittsburgh, Pennsylvania & Grand Rapids, Michigan 
 

● Material authentication and public accessibility determination. 
Declarations of authenticity and/or public accessibility provided upon 
research completion. Experienced with appeals and deposition process. 
 
● Research provided on topics of public library operations, material 
publication history, digital database services and legacy web resources. 
 
● Past clients include Alston & Bird, Arnold & Porter, Baker Botts, Fish & 
Richardson, Erise IP, Irell & Manella, O'Melveny & Myers, Perkins-Coie, 
Pillsbury Winthrop Shaw Pittman and Slayden Grubert Beard. 
 

Library Director, February 2013 - March 2015 
Dowagiac District Library ● Dowagiac, Michigan 
 

● Executive administrator of the Dowagiac District Library. Located in 
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Southwest Michigan, this library has a service area of 13,000, an annual 
operating budget of over $400,000 and total assets of approximately 
$1,300,000. 

 
● Developed careful budgeting guidelines to produce a 15% surplus during 
the 2013-2014 & 2014-2015 fiscal years while being audited. 
 
● Using this budget surplus, oversaw significant library investments 
including the purchase of property for a future building site, demolition of 
existing buildings and building renovation projects on the current facility. 
 
● Led the organization and digitization of the library's archival records. 
 
● Served as the public representative for the library, developing business 
relationships with local school, museum and tribal government entities. 
 
● Developed an objective-based analysis system for measuring library 
services - including a full collection analysis of the library's 50,000+ 
circulating items and their records. 
 

November 2010 - January 2013 
Librarian & Branch Manager, Anchorage Public Library ● Anchorage, Alaska 
 

● Headed the 2013 Anchorage Reads community reading campaign 
including event planning, staging public performances and creating 
marketing materials for mass distribution. 
 
● Co-led the social media department of the library's marketing team, 
drafting social media guidelines, creating original content and instituting 
long-term planning via content calendars. 
 
● Developed business relationships with The Boys & Girls Club, Anchorage 
School District and the US Army to establish summer reading programs for 
children. 

 
June 2004 - September 2005, September 2006 - October 2013 
Library Assistant, Hart Area Public Library 
Hart, MI 
 

● Responsible for verifying imported MARC records and original MARC 
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cataloging for the local-level collection as well as the Michigan Electronic 
Library. 

 
● Handled OCLC Worldcat interlibrary loan requests & fulfillment via 
ongoing communication with lending libraries. 

 
 
Professional Involvement 
 
Alaska Library Association - Anchorage Chapter 

● Treasurer, 2012 
 
Library Of Michigan 

● Level VII Certification, 2008 
● Level II Certification, 2013 

 
Michigan Library Association Annual Conference 2014 

● New Directors Conference Panel Member 
 
Southwest Michigan Library Cooperative 

● Represented the Dowagiac District Library, 2013-2015 
 
 
Professional Development 
 
Library Of Michigan Beginning Workshop, May 2008  
Petoskey, MI 

● Received training in cataloging, local history, collection management, 
children’s literacy and reference service. 

 
Public Library Association Intensive Library Management Training, October 2011  
Nashville, TN 

● Attended a five-day workshop focused on strategic planning, staff 
management, statistical analysis, collections and cataloging theory. 

 
Alaska Library Association Annual Conference 2012 - Fairbanks, February 2012 
Fairbanks, AK 

● Attended seminars on EBSCO advanced search methods, budgeting, 
cataloging, database usage and marketing. 
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Depositions 
 
2019 ● Fish & Richardson 

Apple v. Qualcomm (IPR2018-001281, 39521-00421IP, IPR2018-01282  
and 39521-00421IP2) 
 

2019 ● Erise IP 

 Implicit, LLC v. Netscout Systems, Inc (Civil Action No. 2:18-cv-53-JRG) 
 
2019 ● Perkins-Coie 

 Adobe Inc. v. RAH Color Technologies LLC (Cases IPR2019-00627, 
 IPR2019-00628, IPR2019-00629 and IPR2019-00646) 
 
2020 ● O’Melveny & Myers 

 Maxell, Ltd. v. Apple Inc. (Case No. 5:19-cv-00036-RWS) 
 
2021 ● Pillsbury Winthrop Shaw Pittman LLP 

 Intel v. SRC (IPR2020-1449) 
 
2022 ● Perkins-Coie 

 Realtek v. Future Link (IPR2021-01182) 
 

2023 ● Fish & Richardson 

 Neuroderm Ltd. v. Abbvie, Inc (Case No. PGR2022-00040) 
 

2023 ● Fish & Richardson 

 Nearmap US Inc. v. Pictometry International Corp. (IPR2022-00735)  
 

2023 ● Fish & Richardson 

 Samsung Electronics v. MemoryWeb LLC (Case No. 39843-0136PS1)  
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2023 ● Pillsbury Winthrop Shaw Whitman LLP 

Gravel Rating Systems v. Costco Wholesale Corp. (Civil Action No.  
          4:21-cv-149-ALM) 
 
 
Limited Case and Clientele History  
 
Alston & Bird 

● Ericsson 

  v. Collision Communications (IPR2022-01233) 
 

 ● Nokia  

          v. Neptune Subsea, Xtera (Case No. 1:17-cv-01876) 
 

 ● Universal Electronics Inc  

          v. Roku Inc (IPR2022-00818) 

 
 
Arnold & Porter 

● Ivantis  

          v. Glaukos (Case No. 8:18-cv-00620) 
 

● Samsung  

          v. Jawbone (Case No. 2:21-cv-00186) 

 

 
Benesch Friedlander Coplan & Aronoff 

● Voyis 

 v. Cathx (Case No.  5:21-cv-00077-RWS) 
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Erise I.P. 
 ● Apple 

  v. Ericsson Inc. (IPR2022-00715) 

v. Future Link Systems (IPRs 6317804, 6622108, 6807505, and  
  7917680) 

  v. INVT (Case No. 20-1881)  

  v. Navblazer LLC (IPR2020-01253) 

  v. Qualcomm (IPR2018-001281, 39521-00421IP, IPR2018-01282,  
  39521-00421IP2) 

  v. Quest Nettech Corp (Case No. 2:19-cv-00118-JRG) 

v. Telefonaktiebolaget LM Ericsson (IPR2022-00275) 
 

● Fanduel  

          v. CGT (Case No. 19-1393) 
 

● Garmin  

          v. Phillips North America LLC (Case No. 2:19-cv-6301-AB-KS) 

 
● Netscout  

  v. Longhorn HD LLC (Case No. 2:20-cv-00349) 

  v. Implicit, LLC (Civil Action No. 2:18-cv-53-JRG)  

 
● Sony Interactive Entertainment LLC  

  v. Bot M8 LLC (IPR2020-01288) 

  v. Infernal Technology LLC (Case No. 2:19-CV-00248-JRG) 

 
● Unified Patents  
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  v. GE Video Compression (Civil Action No. 2:19-cv-248) 

 

Fish & Richardson 

 ● Apple 

  v. AliveCor (3:21-cv-03958) 

v. LBS Innovations (Case No. 2:19-cv-00119-JRG-RSP) 

  v. Koss Corporation (IPR2021-00305) 

  v. Masimo (IPR 50095-0012IP1, 50095-0012IP2, 50095-0013IP1,  
  50095-0013IP2, 50095-0006IP1, 50095-0135IP1) 

  v. Neonode (Case No. 21-cv-08872-EMC) 

  v. Qualcomm (IPR2018-001281, 39521-00421IP, IPR2018-01282,  
  39521-00421IP2) 
 

 ● Dell 
  v. Neo Wireless (IPR2022-00616) 

 

 ● Dish Network  

  v. Entropic Communications, LLC (Case No. 2:2023-CV-01043) 

v. Realtime Adaptive Streaming (Case No. 1:17-CV-02097-RBJ) 

v. TQ Delta LLC (Case No. 18-1798) 
 

● Evapco Dry Cooling 

 v. SPG Dry Cooling (IPR2021-00688) 
 

 ● Genetec 

  v. Sensormatic Electronics (Case No. 1:20-CV-00760) 
 

● Huawei  
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          v. Bell Northern Research LLC (IPR2019-01174) 
 

● Kianxis 

          v. Blue Yonder (Case No. 3:20-cv-03636) 
 

● LG Electronics  

          v. Bell Northern Research LLC (Case No. 3:18-cv-2864-CAB-BLM) 

 

● Metaswitch 

          v. Sonus Networks (IPR2018-01719) 
 

● Microsoft 

  v. Throughputer Inc (IPR2022-00757) 

 
● Mom Enterprises  

  v. Ddrops Company (Case No. 1:22-cv-00332) 
 

● MLC Intellectual Property  

          v. MicronTech (Case No. 3:14-cv-03657-SI) 
 

● Nearmap Inc 

v. EagleView Technologies (IPR2022-01009) 

 
● Neuroderm Ltd.  

  v. Abbvie, Inc (Case No. PGR2022-00040) 
 

● Realtek Semiconductor 
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          v. Future Link (IPR2021-01182) 
 

● Quectel  

          v. Koninklijke Philips (Case No. 1:20-cv-01710) 
 

● Samsung  

v. Aire Technology (IPR2022-00877) 

v. Bell Northern Research (Case No. 2:19-cv-00286-JRG) 

v. Communication Technologies Inc (IPR2022-01221) 

v. Jawbone Innovations (IPR2022-00865) 

v. MemoryWeb LLC (IPR2022-00885) 

v. Dodots Licensing Solutions (IPR2023-00701) 

v. Telefonaktiebolaget LM Ericsson (IPR2021-00615) 
 

● Texas Instruments 

 v. Vantage Micro LLC (IPR2020-01261) 
 

● Xilinx  

  v. Sentient Sensors LCC (Case No. 1:22-cv-00173) 

 

Irell & Manella 

 ● Curium 

 

O’Melveny & Myers 

 ● Apple  

            v. Maxell (Case No. 5:19-cv-00036-RWS) 
 

17



● Micron Technology Inc. 

 v. Besang Inc (IPR2023-00900) 

 

● Samsung 

  v. Daedalus Prime LLC (1335 Investigation) 

 
 
Perkins-Coie 

 ● Heru Industries 

v. The UAB Research Foundation (IPR2022-01148) 
 
● Intel Corporation 

   v. BitMICRO (Case No. 5:23-cv-00625) 
 

● Realtek Semiconductor 

          v. Future Link (IPR2021-01182) 

● Twitter Inc 

 v. VOIP-Pal.com (Case No. 3:20-cv-02397-JD) 
 

● TCL Industries  

   v. Koninklijke Philips NV (IPR2021-00495, IPR2021-00496  
                    and IPR2021-00497) 
 
  
Pillsbury Winthrop Shaw Pittman 
 
 ● Intel 

   v. FG SRC LLC (Case No. 6:20-cv-00315) 
 
 ● Gravel Rating Systems 
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  v. Costco (Case No. 4:21-cv-149) 
  v. Lowe’s Home Centers (Case No. 4:21-cv-150) 
  v. T-Mobile USA (Case No. 4:21-cv-152) 
   v. Kohl’s Inc. (Case No. 4:21-cv-258) 
   v. Under Armor (Case No. 4:21-cv-356) 

 

Quinn Emanuel 

 ● Wolfspeed 

  v. The Trustees of Purdue University (Case No. 1:2021-cv-00840) 

 

Stern, Kessler, Goldstein & Fox 

 ● Preliminary Research 

  

Sheppard, Mullin, Richter & Hampton LLP 

          ● Cadence Design Systems Inc.  

  v. Semiconductor Design Technologies (Case No. 3:23-cv-01001) 
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Multi-walled carbon nanotubes functionalized by carboxylic groups: Activation

of TiO2 (anatase) and phosphate olivines (LiMnPO4; LiFePO4) for electrochemical
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a b s t r a c t

Multi-walled carbon nanotubes functionalized by carboxylic groups, exhibit better affinity towards TiO2

(P90, Degussa) as compared to that of pristine nanotubes. Also the electrochemical performance of TiO2

is improved by nanotube networking, but the Li-storage capacity of TiO2 is unchanged. Whereas the com-

posite of TiO2 with non-functionalized nanotubes demonstrates simple superposition of the behavior of

pure components, the composite with functionalized nanotubes shows unique faradaic pseudocapac-

itance which is specific for this composite only. The surface functionalization of nanotubes enhances

charge storage capacity and reversibility of a composite with LiMnPO4 (olivine), but mediates also the

electrolyte breakdown at potentials >4.2 V. Whereas the electrochemical activation of LiMnPO4 (olivine)

by functionalized nanotubes is quite modest, excellent performance was found for LiFePO4 (olivine) in

composite materials containing only 2 wt% of functionalized nanotubes.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Carbon nanotubes form conductive composites with inor-

ganic nanocrystals (for recent review see Ref. [1]). Compared to

single-wall carbon nanotubes (SWNT) the multi-walled carbon

nanotubes (MWNT) are cheaper, mechanically more robust and

their electrical conductivity is less affected by chemical functional-

ization. Composite materials of MWNT with titanium dioxide have

been investigated for application in photocatalysis [2–6] includ-

ing photocatalytic hydrogen generation [7] and dye-sensitized

solar cells [8–11]. In these applications, the beneficial role of

MWNT is assumed to consist in improved separation of photo-

generated charges, but very low MWNT concentrations (<1 wt%)

are required to avoid charge recombination with the electrolyte in

dye-sensitized solar cells [8–11]. Improved separation of photogen-

erated electrons/holes was also demonstrated in solar cells based

on band-gap excitation of TiO2 dispersed on SWNT [12]. The elec-

trochemical lithium storage in carbon nanotube/TiO2 composites

has been studied, too [13–17], reflecting the fact that TiO2 (espe-

cially anatase [18–22], TiO2(B) [18,23–25] and rutile [18,20,26])

belong to the top interesting host structures for lithium inser-

∗ Corresponding author. Tel.: +420 2 6605 3975; fax: +420 2 8658 2307.

E-mail address: kavan@jh-inst.cas.cz (L. Kavan).

tion. These studies confirmed in unison that the electrochemical

activity of the composite TiO2/nanotubes is improved compared

to that of the parent pure TiO2 [13–17]. Some authors reported

on significantly enhanced Li-storage capacity of the TiO2/MWNT

nanocomposite [13,15], but others [14,16,17] did not support this

observation.

From the viewpoint of electrochemical lithium storage, the

phosphate olivines [27], viz. LiMPO4 (M = Fe, Mn) have been exten-

sively studied in the past. They are promising cathode materials

for Li-ion batteries due to high safety, low cost and environmen-

tal tolerability. However, their poor electrical conductivity is a

crucial issue to be addressed [28] either by doping [29] or by

surface coating with elemental carbon [30,31]. The conductivity

problem is considerably more significant for LiMnPO4 (conductiv-

ity of ≈10−14 S cm−1 compared to ≈10−9 S cm−1 for LiFePO4) [32]

but optimization of the synthesis, that is the formation of carbon

coating via ball-milling, provided reasonably active materials, too

[33,34].

The effect of MWNT on improvement of the performance of

LiFePO4 has been reported by several studies in the past [32,35–42].

The synthetic strategies range from simple mixing [32,36,37,40,41],

ball-milling [35,42], hydrothermal synthesis [38], in situ formation

of MWNT from ferrocene [39] up to a bio-inspired route, that is

a gene manipulation, which was used to align LiFePO4 with SWNT

[43]. An analogous electrochemical activation of LiMnPO4 in a com-

0378-7753/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
doi:10.1016/j.jpowsour.2010.03.028
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posite with MWNT was reported only recently [32]. In this case, the

improvement of charging rate and capacity was quite modest [32],

and not comparable to that of the optimized materials, fabricated

via ball milling with carbon black [33,34].

The surface oxidation of carbon nanotubes by HNO3

[6,8,10,15,16,32,37,41,44], H2SO4/HNO3 [4] or H2O2 [9], pro-

ducing among other groups also carboxyls, was sometimes

mentioned to improve the anchoring of TiO2 [4,6,8–10,15,16,44]

or LiMPO4 [32,37,41]. In the first case, there is a clear analogy

with the strong interaction of carboxyl-containing molecules

(Ru-bipyridine dyes) with the TiO2 surface, which is crucial in

dye-sensitized solar cells [10]. However, there are also reports

that the oxidative functionalization is not necessary for anchoring

to TiO2, because the pristine MWNT behave similarly [15]. The

interaction of carboxyls with phosphate olivine surface is less

understood, but certainly important, too [45,46]. To the best of

our knowledge, there is no systematic study of these contradictory

issues, although detailed understanding is desirable of the MWNT

functionalization (by surface oxidation forming carboxyls) for

optimum attachment of MWNT towards titania or olivine surfaces.

This was the central motivation for the study reported here. A

second argument for deeper investigation of these composites is

based on our previous experience with a supramolecular assem-

bly of SWNT with carboxyl-containing Ru–bipyridine complex

[45–48]. This assembly offers unique electrochemical activation

of LiFePO4 called ‘nanotube wiring’ [45,46]. The advantage of our

nanotube wiring consists in the fact, that it keeps the amount of

conductive additives in the active electrode material at its natu-

ral minimum (≈0.04 wt% of carbon in LiFePO4). This is important

for optimization of Li-ion batteries. The reason is that the elec-

trode materials, viz. olivines or TiO2 [21,22] require ca. 10–20 wt%

of graphitic carbon to be added. However, graphite does not con-

tribute to the faradaic reaction in the cathode, but presents ballast,

decreasing the charge (energy) density of the composite electrode

in the same proportion. Obviously, simple oxidation of MWNT is

an attractive and cheap alternative to our ‘nanotube wiring’ effect

[45,46] for practical Li-ion batteries. Since TiO2 is a prospective

anode material, and LiMPO4 olivines are promising cathode mate-

rials, concerted study of the interaction of MWNT with these three

selected materials at defined comparable conditions is relevant for

the development of high-power Li-ion batteries.

2. Experimental

Multi-walled carbon nanotubes were prepared from ethylene

gas by chemical vapor deposition. The synthesis was carried out in

a fluidized bed reactor, and Fe nanoparticles supported on alumina

served as catalyst. Details on the reactor configuration and prepa-

ration of the catalyst can be found elsewhere [49]. The catalyst was

removed by boiling with diluted sulfuric acid (50%) at 140 ◦C for

3 h after which the nanotubes were filtered when hot by a glass

frit followed by washing with hot water and drying at 120 ◦C. The

extraction of catalyst was followed by inductively-coupled mass

spectrometry (ICP-MS) analysis, which gave the Al content between

200 and 500 ppm for various samples. For oxidative functionaliza-

tion, 1 g of purified nanotubes was mixed with 50 mL of 65% HNO3

and refluxed for 3 h at 120 ◦C under stirring. The nanotubes were

filtered on a glass frit, washed with water until the filtrate reached

a pH of 6, and dried at 120 ◦C for 48 h. The non-functionalized blank

material is abbreviated MWNT-bl and the material functionalized

by oxidation with HNO3 is coded MWNT-ox. The extent of func-

tionalization was determined by titration with a freshly prepared

aqueous solution of NaOH (0.05 M) as in Ref. [50]. The amount of

acid groups in the nanotubes was found to be 2.54 × 10−4 mol g−1

in MWNT-ox, and close to 0 in MWNT-bl.

Titanium dioxide P90 (from Degussa AG, Germany) powder had

a BET (Brunauer–Emmett–Teller) area of 90 m2 g−1 (rutile/anatase

mixture with >90% anatase, average anatase particle size 13 nm).

The carbon black Ketjenblack EC-600 was purchased from AkzoNo-

bel. According to the manufacturer’s specification, it had an

electrical resistivity of 0.01–0.1 � cm and the BET specific sur-

face area of 1250 m2 g−1. Another comparative material was

medium-functionalized sample, abbreviated MWNT-mox, which

was prepared from MWNT-bl by oxidation with 65%-HNO3 simi-

larly to MWNT-ox (see above). The titration analysis with 0.05 M

NaOH gave the amount of acid groups to be 1.14 × 10−4 mol g−1 in

MWNT-mox. The carbon-free olivines, LiFePO4 and LiMnPO4 were

obtained from High Power Lithium, SA, Switzerland. The nitrogen

adsorption isotherms indicated the BET surface areas as of 9 m2 g−1

(for LiFePO4) and 35 m2 g−1 (for LiMnPO4). The latter material was

prepared via the “polyol” route, and consisted of platelets oriented

in the a–c plane of the olivine lattice [33].

Nanotubes were dispersed in water under short sonication in an

ultrasonic bath. To this solution a powder material (TiO2, LiMnPO4

or LiFePO4) was added (in a proportion of 1–10 wt% of nanotubes

in the mixture) and stirred overnight. The suspension was sub-

sequently evaporated to dryness. The electrodes were prepared

as follows: powder precursor material, either pure or carbon-

containing (see above) was mixed with 5 wt% of polyvinylidene

fluoride (PVDF) dissolved in N-methyl-2-pyrrolidone. The resulting

slurry was diluted with N-methyl-2-pyrrolidone until a consistence

of viscous paste, and then doctor-bladed onto F-doped conduct-

ing glass (FTO; TEC 15 from Libbey-Owens-Ford 15 � sq−1). The

film was cut into smaller pieces of 0.8–1 cm2 active area, and dried

at 100 ◦C in vacuum. Uncovered area at the edge of the FTO sup-

port served for making an electrical contact. The film’s mass was

between ca. 0.2–1 mg cm−2.

SEM images were obtained using FESEM Philips XL30 FEG

instrument. Infrared spectra were recorded on a Perkin-Elmer 1710

Fourier transform spectrophotometer (FTIR) using KBr pellets. ATR-

FTIR spectra were measured using a FTS 7000 FTIR spectrometer

(Digilab, USA). The spectra were accumulated with the diamond

anvil ATR accessory, while the sample powder was pressed against

the diamond window. Spectra were derived from 64 scans at a

resolution of 2 cm−1.

Electrochemical experiments employed an Autolab PGSTAT

potentiostat (Ecochemie) controlled by the GPES 4 software.

The electrolyte solution was 1 mol L−1 LiPF6 in ethylene car-

bonate + dimethylcarbonate (EC/DMC; 1/1; w). The reference and

counter electrodes were from Li-metal, hence all potentials are

quoted against the Li/Li+ reference electrode in this medium. All

electrochemical measurements were carried out in a glove box

under Ar-atmosphere.

3. Results and discussion

Fig. 1 shows cyclic voltammogram of thin-film electrode from

pure non-functionalized nanotubes, MWNT-bl and the function-

alized nanotubes, MWNT-ox. The voltammogram of MWNT-bl

confirms an almost ideal double-layer charging in a broad window

of electrochemical potentials. Therefore, the voltammetric currents

scale with the first power of scan rate, v as it is expected for capac-

itive charging:

I = dQ

dt
= Cdl × dE

dt
= Cdlv, (1)

Q is the voltammetric charge, dE/dt = v is the scan rate and Cdl is

the double-layer capacitance. Hence, if we divide the experimen-

tal currents by the scan rate and the mass of the electroactive

material (m, cf. Fig. 1), we can estimate the specific capacitance,

C of our nanotube sample. The found values (averaged from sev-
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Fig. 1. Cyclic voltammograms of thin film electrodes from pure multi-walled car-

bon nanotubes, MWNT-bl (dashed curve) and functionalized, MWNT-ox (full curve).

Scan rate 0.1 V/s. The current is divided by the scan rate and by the mass of nanotubes

in the film, which was 0.26 or 0.22 mg cm−2 for MWNT-ox or MWNT-bl, respectively.

eral parallel experiments and varying scan rates) were 12 and 31

F g−1 for the MWNT-bl and MWNT-ox, respectively. These capaci-

tances fall among typical values for multi-walled carbon nanotubes

in organic electrolyte solutions [51–54]. The MWNT-ox material

exhibits characteristic pair of peaks at the formal potential of ca.

3.1 V vs. Li/Li+. It can be assigned to reversible redox processes in

surface oxygen-containing groups [51–56] such as:

> C O + e− ↔ C–O− (2)

which are considered faradaic pseudocapacitance.

The studied materials, viz. MWNT-ox and MWNT-bl exhibit sig-

nificantly different solubility in water and interaction with TiO2.

The first material, MWNT-ox easily dissolves in water to form a

black solution, which is stable against flocculation for months at

room temperature. Mixing of this solution with TiO2 (P90) causes

immediate blackening of the titania powder and discoloration of

the supernatant. In the second case, these effects are not seen:

MWNT-bl is insoluble in water and there is only slight coloration

of P90 by aqueous suspension of MWNT-bl.

Also the morphology of composites made from these precursors

is different. Fig. 2 shows the SEM images of thin film electrodes

from TiO2 (P90), MWNT-ox and the composites TiO2/MWNT-bl

and TiO2/MWNT-ox; in both cases the concentration of nanotubes

is 10 wt%. For the MWNT-ox (right bottom chart), the interaction

of nanotubes with titania is excellent. All nanotubes are covered

with individual nanocrystals of P90 in a homogeneous nanocom-

posite. On the other hand, MWNT-bl makes a cracked structure,

in which P90 is heavily agglomerated into micron-sized particles,

and many ‘naked’ nanotubes are seen in-between the agglomer-

ates. This morphology is similar to that reported by Tumcharen et

al. [11] for pristine multi-walled nanotubes. Presumably, MWNT-

bl interact with TiO2 through small number of defects, and the

naked parts of nanotubes are hydrophobic, defect-free areas on

the MWNT-bl surface. Obviously, and in contrast to the work

of Zeng et al. [15] our data on nanotubes/TiO2(P90) support the

Fig. 2. Scanning electron microscopy images of thin film electrodes from P90 titanium dioxide. (Top left) Pure P90, scale bar 2 �m. (Top right) pure functionalized nanotubes

MWNT-ox, scale bar 0.5 �m. (Bottom left) P90 in a composite with 10 wt% of non-functionalized nanotubes MWNT-bl, scale bar 2 �m. (Bottom right) P90 in a composite

with 10 wt% of functionalized MWNT-ox, scale bar 0.5 �m.

45



L. Kavan et al. / Journal of Power Sources 195 (2010) 5360–5369 5363

Fig. 3. Scanning electron microscopy images of thin film electrodes from phosphate olivines in a composite with 10 wt% of functionalized nanotubes, MWNT-ox. (Left)

Composite with LiMnPO4, scale bar 1 �m. (Right) Composite with LiFePO4 scale bar 2 �m.

idea that oxidative functionalization through HNO3 is crucial for

proper anchoring of nanotubes towards TiO2. The second mes-

sage of Fig. 2 is that industrial powder (P90) is a good source

of nanocrystals which spontaneously self-assemble on the nan-

otube surface. This information is important, because previous

studies related to nanoparticles grown by laboratory protocols

[2–10,13–17].

Fig. 3 shows the morphological features of our olivine/MWNT-

ox composites (10 wt% MWNT-ox). In contrast to the structure of

P90/MWNT-ox (Fig. 2) the naked nanotubes are easily recognized

between the individual crystals of LiMnPO4 (Fig. 3, left chart) as

well as between LiFePO4 crystals (Fig. 3, right chart). Two reasons

might account for this difference. First, the olivine crystals are typi-

cally hundreds of nm in size, whereas the P90 crystals are ca. 10 nm

in size. Hence, self-assembling of 10 nm sized crystals on the nan-

otube, having diameter of ca. 10 nm is feasible, but this kind of

packing is hardly achievable with larger crystals. Second, the inter-

action of –COOH with phosphate surface might be less efficient,

than the interaction of carboxyls with titania [10].

Fig. 4 (left panel) shows the FTIR spectra of MWNT-bl and

MWNT-ox in KBr pellets. MWNT-ox exhibits the presence of a

new band at 1710 cm−1 that is attributed to the C O vibration of

the carboxylic groups introduced by oxidative functionalization.

The other intense IR band at 1570 cm−1 is attributed to the skele-

tal in-plane vibration of multi-walled nanotube. While MWNT-bl

was almost free from surface carboxyls, the sample MWNT-ox con-

tained 2.54 × 10−4 mol g−1 acidic groups as determined by titration

analysis (see Section 2). The amount of atomic oxygen present on

the MWNT-ox surface was also analyzed by X-ray photoelectron

spectroscopy (data not shown) that gave a value of 7%. These results

are in accordance with those reported earlier for functionalized car-

bon nanotubes [50]. The sample MWNT-bl further exhibits strong

absorption features between 900 and 1300 cm−1 with a broad peak

at 1110 cm−1. These absorption bands presumably arise from alu-

minum sulfate impurity in the sample [57] which is introduced

during the removal of alumina-supported catalyst by sulfuric acid

treatment. The ICP-MS analysis gave the residual concentration of

aluminum sulfate in MWNT-bl to be less than 500 ppm (see Section

2). The impurity peaks are not observed in the sample MWNT-

ox, hence, they disappear as a result of nitric acid treatment and

subsequent washing. In the region around 1200 cm−1, we can also

assume the presence of some weak IR bands of C–O and C–C stretch-

ing vibrations [57,58]. Although the carbon skeleton can decay and

change its vibrational structure as a result of functionalization,

Fig. 4. Left panel: FTIR spectra in KBr pellets of non-functionalized and functionalized nanotubes, MWNT-bl and MWNT-ox, respectively. Right panel: ATR-FTIR spectra of

powder of pure LiMnPO4 and LiMnPO4 in a composite with 10 wt% of functionalized nanotubes MWNT-ox. Spectra are offset for clarity.
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Fig. 5. Cyclic voltammograms of titanium dioxide (P90) thin film electrodes. Full black curves: P90 in a composite with 10 wt% of functionalized nanotubes (P90/MWNT-ox).

Dashed blue curve: pure P90. Dashed red curve (right chart only): P90 in a composite with 10 wt% of non- functionalized nanotubes (P90/MWNT-bl). Scan rate 2 mV s−1 (left

chart) or 50 mV s−1 (right chart). The voltammetric features assigned to rutile (R) and TiO2(B) are marked by arrows. In the right chart, the current is divided by the mass of

electrode material and by the scan rate.

there is no conclusive evidence from the IR spectra for this change.

First, the skeletal vibration at 1570 cm−1 remains intact for both

samples and, secondly, the good electrochemical performance of

MWNT-ox (see also below) speaks for unperturbed graphitic struc-

ture, maintaining high electrical conductivity of nanotubes.

Fig. 4 (right panel) shows ATR-FTIR spectra of the composite

LiMnPO4 with 10 wt% MWNT-ox. Also shown is the spectrum of

parent pure LiMnPO4. Both spectra are dominated by vibrational

features of the PO4
3− group, viz. symmetric and antisymmet-

ric bending modes (500–650 cm−1) as well as stretching modes

(950–1150 cm−1). These bands remain intact by the interaction

with MWNT-ox. The latter component manifests itself by very

weak ATR-FTIR features between 1500 and 1800 cm−1, which are

assignable to surface oxides including carboxylic groups [50]. These

vibration bands are more clearly distinguishable by measurement

of MWNT-ox in KBr pellets (left panel, Fig. 4). The vibrational pat-

tern for composites with LiFePO4 is similar (data not shown). Our

results are in accord with those for LiFePO4/SWNT/Ru-bipyridine

complex, where no shifts of olivine-related vibrations were found

upon interaction with nanotubes [47].

Fig. 5 shows the cyclic voltammogram of pure P90 and the

composites with nanotubes, P90/MWNT-ox and P90/MWNT-bl. To

present comparable data, all electrodes contained similar amounts

of TiO2, around 0.33 mg cm−2. The cyclic voltammograms in the

left chart are dominated by a pair of peaks with the formal poten-

tial of 1.85 V vs. Li/Li+, assignable to Li insertion into anatase

[18,19,21,22]:

x(Li+ + e−) + TiO2 → LixTiO2; x ≈ 0.5 (3)

The total Li-insertion capacity of TiO2 was determined from

the slow scan (0.1 mV s−1) to be 169 or 172 mAh g−1 for the P90

or P90/MWNT-ox, respectively. Hence, within the experimental

errors, the Li-storage capacities of both materials are identical. This

matches the conclusion of most other works on anatase/MWNT

composites [14,16,17], although there are also opposite claims for

the capacity enhancement in anatase [15]. The beneficial effect

of nanotube networking is demonstrated by the shape of cyclic

voltammograms of Li-insertion (left chart, Fig. 5): The peak-to-peak

separation gets smaller in the composite, and the slopes of insertion

onset (around 1.8 V at the cathodic branch) and extraction offset

(around 2.2 V at the anodic branch) are steeper for the compos-

ite. Particularly, the tail at anodic branch between 2.2 and 2.5 V

demonstrates, that extraction of the last portions of the (e−/Li+)

pairs requires higher overpotential, because the host structure itself

(TiO2) is poorly conducting at these conditions (potentials).

Another important information, which follows from the Li-

insertion electrochemistry (Fig. 5, left chart) regards the phase

composition of our P90 material. The cathodic peak at 1.35 V is

assignable to rutile [18,20,26], which is the expected component

of P90 material (see Section 2). Somewhat surprisingly, we also

detect tiny amount of monoclinic TiO2(B) modification of titania.

This phase manifests itself by two anodic peaks at 1.55 and 1.65 V,

which are diagnostic for the TiO2(B) phase [25]. It should be noted

that the electrochemical Li-insertion is predominantly suitable and

highly sensitive method of phase analysis; alternative techniques,

viz. X-ray diffraction and Raman spectroscopy did not reveal any

TiO2(B) in our P90 material (data not shown).

Fig. 5 (right chart) shows the details of cyclic voltammogram

of our TiO2–MWNT-ox system in the potential window near the

onset of Li-storage in TiO2. The electrochemical window between

2.5 and 3.5 V is suitable for detailed investigation of pseudoca-

pacitive effects in the composite. Pure TiO2 expectedly shows no

activity, because this potential window is well above the flatband

potential, and titania is regarded an insulator in this electrochem-

ical window. The composite TiO2/MWNT-bl exhibits roughly the

capacitive double-layer charging at potentials >ca. 2.8 V, as in pris-

tine MWNT-bl (cf. Fig. 1 and discussion thereof). Because titania is

here electrochemically silent, and the concentration of MWNT-bl

in the composite was 10 wt%, the found specific capacitance of the

composite (≈1 F g−1, cf. Fig. 5, right chart), is assignable solely to

that of MWNT-bl.

However, qualitatively new features are observed in the com-

posite TiO2/MWNT-ox (full curve in Fig. 5, right chart). In contrast

to pure MWNT-ox which exhibits just one pair of pseudocapacitive

peaks at the formal potential of ca. 3.1 V (Fig. 1), we observe com-

plex pseudocapacitive features in the TiO2/MWNT-ox composite

(Fig. 5, right chart, full curve). A detailed assignment of these peaks

cannot be made at this stage, but it is obvious that the interactions

between the oxidized (carboxylated) surface of carbon nanotubes

and TiO2 creates new sites for pseudocapacitive interfacial redox

chemistry. This matches the conclusion of Reddy and Ramaprabhu

[44], but in contrast to this work, we do not observe the dramatic

increase of specific capacitance for the composite. The cited authors

[44] reported 67 and 160 F g−1 for MWNT and TiO2/MWNT, respec-

tively [44] in aqueous electrolyte solution. Similarly, there was a

strong capacitance enhancement in the MWNT composite with
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Fig. 6. Cyclic voltammograms of thin film electrodes from LiMnPO4 in a composite with 10 wt% of MWNT-ox (film mass 0.87 mg cm−2; red full curves). The voltammograms

of electrodes from pure MWNT-ox are displayed as dashed back curves (film mass 0.20 mg cm−2; these curves are normalized by a factor of 0.435, see text). Scan rates from

10 to 0.5 mV s−1 as indicated on each chart.

RuO2, which is one of the most important oxides for supercapaci-

tors [59]. This was interpreted as coupling of the nanotube-located

redox processes (cf. Eq. (2)) with those in protonated ruthenium

dioxide:

RuOx(OH)y + ıH+ + ıe− → RuOx−ı(OH)y+ı (4)

In our study, employing aprotic Li-containing electrolyte solu-

tion, the capacitances are roughly identical (cf. Figs. 1 and 5).

Obviously, pseudocapacitive reactions requiring protons are not

possible in our electrolyte solution.

Fig. 6 shows a series of cyclic voltammograms of

LiMnPO4/MWNT-ox composite (10 wt% MWNT-ox, film mass

0.87 mg cm−2). Also shown are the voltammograms of pure

MWNT-ox (the film mass 0.20 mg cm−2; dashed curves in Fig. 6).

The latter exhibits just capacitive double-layer charging (cf.

Fig. 1). In order to show comparable plots in Fig. 6, the currents

for pure MWNT-ox are normalized by a factor of 0.435, which

puts the amount of MWNT-ox in both electrodes to identical

values. At faster scan rates, we can trace similar voltammetric

charge assignable to pure double-layer charging in the composite

electrode at potentials around 3.6 V, where no significant faradaic

processes in LiMnPO4/MnPO4 are expected. The latter are found

near the formal potential of 4.1 V, which is the Nernstian potential

of this reaction [27,33,34]:

LiMnPO4 ↔ MnPO4 + Li+ + e− (5)

The integral cathodic voltammetric charge at the slow scan rate

(0.1 mV s−1; data not shown) translates into the reversible charge

capacity of 13 mAh g−1 at the cut-off voltage of 3.5 V. (The anodic

scan provides larger values, which are not representative, because

of electrolyte decomposition, see Fig. 6). If we extend the lower

cut-off voltage to 3 V, the same electrode provides reversible capac-

ity of 24 mAh g−1. These values are roughly comparable to those

of LiMnPO4/MWNT composite reported by Manthiram et al. [32].

They used galvanostatic discharge of an electrode containing 8%

of MWNT in LiMnPO4, but their electrodes further contained mas-

sive amounts of carbonaceous additives, viz. 25 wt% of conductive

carbon (of unknown origin) and 25% of teflonized acetylene black

[32]. Therefore, their blank electrodes, fabricated from a MWNT-

free material, did exhibit discharge capacities of ca. 25–30 mAh g−1

(depending on the discharge current) at the cut-off voltage of 2 V,

and these values slightly increased to ca. 35–45 mAh g−1 for the

MWNT-containing material [32].

In our case, the activation of LiMnPO4 by nanotubes is demon-

strated on a simpler system, omitting all other carbonaceous

additives except MWNT. Fig. 7 confirms that the capacity of pure

LiMnPO4 is negligible due to its very low conductivity. Also the

beneficial effect of surface oxidation is demonstrated by compar-

ing the composites containing MWNT-bl and MWNT-ox. Here we

show the data for nanotube/LiMnPO4 electrodes of roughly com-

parable film masses around 0.85 mg cm−2. The peak current for

anodic process in olivine, that is oxidation of LiMnPO4 to MnPO4

(Eq. (5)) is roughly identical for both electrodes, but the material
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Fig. 7. Cyclic voltammograms of LiMnPO4 thin film electrodes in a composite with

10 wt% of MWNT-ox (film mass 0.83 mg cm−2). Red dashed curve: LiMnPO4 in a

composite with 10 wt% of MWNT-bl, film mass 0.87 mg cm−2; the same film like in

Fig. 6). Blue curve: pure LiMnPO4 (film mass 1.05 mg cm−2) Scan rate 0.2 mV s−1.

with MWNT-bl shows very small cathodic charge for the reverse

reaction. Hence the oxidative treatment of nanotubes improves the

reversibility of LiMnPO4 charge/discharge. However, the surface

oxidation of nanotubes also activates the electrolyte decomposi-

tion. This is demonstrated by anodic branch of our voltammograms

between 4.2 and 4.5 V. The surface oxides (carboxyls) mediate these

parasitic breakdown reactions, although the mechanism of this

activation is unknown. (Note that enhanced breakdown of elec-

trolyte solution is traceable also on pure MWNT-ox film shown in

Fig. 1 above.)

In contrast to LiMnPO4 where the electrochemical activation

by nanotubes is quite weak, the LiFePO4 olivine exhibits excellent

performance in a composite with MWNT-ox. Fig. 8 shows cyclic

voltammograms similar to those presented in Fig. 7 for LiMnPO4.

The improvement caused by surface oxidation of nanotubes is

dramatic. The composite LiFePO4/MWNT-ox exhibits a capacity

of 149 mAh g−1 (at the scan rate of 0.1 mV s−1) and nearly per-

fect charge/discharge reversibility of 99–100%. These impressive

values were independent on the film mass in the whole tested

array of samples, up to ca. 1 mg cm−2. On the other hand, the

LiFePO4/MWNT-bl attains only 32 mAh g−1 at the same conditions

(cf. Fig. 8) although the charging reversibility is again close to 100%.

Fig. 9. Cyclic voltammograms of LiFePO4 in a composite with functionalized nan-

otubes, MWNT-ox. The concentration of MWNT-ox in the composite varied between

1 and 10 wt%. Currents are normalized to the actual mass of LiFePO4 in the thin-film

electrode, and for the voltammogram of 1 wt% composite, the current was zoomed

by a factor of 5. Scan rate 0.5 mV s−1. Inset shows the integral voltammetric charge

capacity as a function of the concentration of MWNT-ox in the composite.

Obviously, the electrolyte breakdown reactions are unimportant

for this system, that is charging up to the upper vertex potential of

4 V only, and the charge reversibility is perfect.

This promising system has been subjected to further optimiza-

tion. Fig. 9 shows cyclic voltammograms for a series of composite

materials LiFePO4/MWNT-ox, in which the concentration of

MWNT-ox varied. Perfect charge reversibility is again maintained

for all materials, but there is a sudden drop of charge capacity

for MWNT-ox concentrations between 1 and 2 wt% (see Fig. 9,

inset). This seems to be the effective charge-percolation threshold

in our composite. Fig. 10 (left chart) further documents this finding

by additional performance tests at varying scan rates. The mate-

rials with 2–10% MWNT-ox behave roughly similarly, although

the performance improves expectedly with increasing concentra-

tion. Fig. 10 (right chart) also compares the Li-storage capacity of

composite materials with various degrees of nanotube oxidation,

that is (in concentrations of acidic groups): 2.54 × 10−4 mol g−1

Fig. 8. Cyclic voltammograms of LiFePO4 thin film electrodes. Black full curve: LiFePO4 in a composite with 10 wt% of functionalized nanotubes, MWNT-ox (film mass

0.33 mg cm−2). Red dashed curve: LiFePO4 in a composite with 10 wt% of non-functionalized MWNT-bl (film mass 0.38 mg cm−2); this curve is zoomed by a factor of 10 in

the current scale. Scan rate 1 or 0.1 mV s−1 for the left or right charts, respectively.
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Fig. 10. Integral voltammetric charge capacity as a function of scan rate. (Left chart): LiFePO4 in a composite with functionalized nanotubes, MWNT-ox. The concentration

of MWNT-ox in the composite varied between 1 and 10 wt% (as in Fig. 9). (Right chart): LiFePO4 in a composite with the following carbonaceous materials: oxidized

nanotubes (MWNT-ox; 2.54 × 10−4 mol g−1 acidic groups), medium-functionalized nanotubes (MWNT-mox; 1.14 × 10−4 mol g−1 acidic groups), non-functionalized nanotubes

(MWNT-bl) and carbon black KB-600. The concentration was 10 wt% in all composites shown in the left chart.

Fig. 11. Galvanostatic chronopotentiometry of LiMnPO4 in a composite with 10 wt%

of functionalized nanotubes, MWNT-ox (film mass 0.62 mg cm−2). Discharge/charge

cycles are shown for varying charge rates from C/10 to C.

(MWNT-ox); 1.14 × 10−4 mol g−1 (MWNT-mox) and ≈0 (MWNT-

bl). Somewhat surprisingly, the composite containing MWNT-bl

is even less efficient than the composite made from ordinary

commercial carbon black, KB-600. It is obvious that the func-

Fig. 12. Galvanostatic chronopotentiometry of LiFePO4 in a composite with 10 wt%

of functionalized nanotubes, MWNT-ox (film mass 0.68 mg cm−2). Discharge/charge

cycles are shown for varying charge rates from C/2 to 50C.

tionalization of nanotubes is, indeed, crucial for enhancing the

electrochemical activity of the composite materials with LiFePO4.

The conclusions from cyclic voltammetry are further supported

by discharge/charge cycles which were tested using galvanostatic

chronopotentiometry. Fig. 11 shows the initial discharge/charge of

LiMnPO4/MWNT-ox at varying charge rates from C/10 to C. A sim-

ilar plot for LiFePO4/MWNT-ox is shown in Fig. 12. While the first

system exhibits poor performance with considerable irreversibil-

ity, the latter is good. The particular electrode shown in Fig. 12 has

the theoretical charge capacity of 353 mC (170 mA g−1), while 88%

of this capacity can be reversibly cycled at C/2. This electrode can

still deliver 38% of its theoretical capacity at 50C, that is within

72 s (Fig. 12). It is interesting to note that the charge capacity

observed at C/2, C, 5C, 10C, etc., is roughly similar to the voltam-

metric charge capacity at scan rates (in mV s−1) of 0.5, 1, 5, 10, etc.

Fig. 13. Discharge capacity determined from galvanostatic chronopotentiometry

(as in Figs. 11 and 12) for several successive discharge/charge cycles. The top three

curves are for LiFePO4 in a composite with 10 wt% of functionalized nanotubes,

MWNT-ox (film mass 0.68 mg cm−2); the charge/discharge rates were: C (squares),

5C (triangles) and 10C (open points). The bottom curve is for LiMnPO4 in a compos-

ite with 10 wt% of functionalized nanotubes, MWNT-ox (film mass 0.62 mg cm−2);

the charge/discharge rate was C/5 (full points).
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(cf. Fig. 10). Obviously, both experiments require comparable times

for completing the discharge/charge, and they give similar charge

capacities. Fig. 13 shows that the electrode LiMnPO4/MWNT-ox

loses ca. half of its initial capacity during 15 subsequent dis-

charge/charge cycles at C/5. This illustrates the conclusions from

chronopotentiometry (Fig. 11) and voltammetry (Figs. 6 and 7)

that the process is irreversible due to anodic electrolyte break-

down enhanced by MWNT-ox. On the other hand, the cycle life

of LiFePO4/MWNT-ox is excellent: we do not see any breakdown

during twenty cycles which were repeatedly carried out for the

same electrode at C, 5C and 10C (Fig. 13). In subsequent experi-

ments (data not shown) our electrode survived hundreds of cycles

without marked decomposition, which would cause any loss of its

charge capacity.

4. Conclusions

A comparative study was carried out to investigate composite

materials in which multi-walled carbon nanotubes, either pristine

or functionalized by carboxyls, were interfaced to three different

materials, viz. TiO2, LiMnPO4 and LiFePO4. The functionalization

of nanotubes was followed by FTIR, and by titration analysis of

the acidic groups. At comparable conditions, specific features of

each combination of materials in the composites are highlighted

by electrochemistry in Li-containing aprotic medium.

Functionalized multi-walled carbon nanotubes exhibit

improved affinity towards TiO2. This was demonstrated using

industrial powder P90 from Degussa, which is anatase-rutile mix-

ture (>90% anatase) with small amount of TiO2(B). The latter phase

is detectable only by highly sensitive electrochemical analysis

shown here. The Li-storage capacity of TiO2 is not enhanced in the

composite, but the rate of electrochemical charge transfer is higher

due to nanotube networking. Complex pseudocapacitive features

are observed at potentials near the onset of Li-storage in pure

anatase. Whereas the composite with pristine nanotubes shows

just simple superposition of the behavior of pure components, that

is TiO2 and MWNT-bl (with dominating double-layer capacitive

response of pristine MWNT-bl), the composite with functionalized

nanotubes shows unique faradaic pseudocapacitance, which is

specific only for the interaction of functionalized MWNT-ox with

the titania surface.

The composite of LiMnPO4 (olivine) with functionalized

multi-walled carbon nanotubes shows enhanced electrochemical

charge/discharge performance, which, however, is not compara-

ble to that of the state-of-art carbon-coated LiMnPO4 (olivine). The

beneficial effect of surface functionalization consists in improved

charge storage capacity and improved charging/discharging

reversibility. However, the surface functionalization also promotes

the electrolyte breakdown at potentials >4.2 V, which are near the

operational conditions of this cathode material in Li-ion batteries.

In contrast to LiMnPO4, excellent electrochemical activation

of LiFePO4 by functionalized nanotubes was found. The charging

was reversible near 100% and was unperturbed during repeated

discharge/charge cycling. This confirms that there was no signif-

icant nanotube-mediated electrolyte breakdown at the operating

voltage of LiFePO4 (olivine) cathode in Li-ion batteries. Compos-

ite material containing only 2 wt% of MWNT-ox showed nearly the

nominal charge capacity at the time-scale of cyclic voltammetry,

scan rates <0.2 mV s−1. The percolation threshold for nanotube net-

working of our LiFePO4 was between 1 and 2 wt% of MWNT-ox

in the composite. The functionalization of nanotubes via surface

oxidation is crucial for the activation of LiFePO4. The composite

with pristine nanotubes showed rather low activity, which is even

smaller than that of the composite with high surface area carbon

black.
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