India’s contribution to research in nanoscience and fuel cells: 

A quantitative study 
Final report submitted to NIAS by Subbiah Arunachalam

on his part of the ONR-funded project

As part of the ONR-funded project I looked at India’s contribution to research in two areas which are of current interest from the points of view of both science and technological applications. One of them is the high metabolism area of nanoscience and technology and the other fuel cells. 

Before I proceed it is important to make a few comments on the context in which the work was performed. 

· I was given four months time and it took a while to decide what was expected and what was to be done. I did not have access to the project proposal submitted by NIAS to ONR and therefore my appreciation of the project’s goals was partial. All I gathered was it would be good if some quantitative studies could be carried out and I was approached because of my skills in scientometrics. 
· The work could not be carried out at NIAS, the organization that received funding from ONR, as NIAS does not subscribe to the Web of Science database, which forms the basis of virtually all the work I have done for the project. Besides, while NIAS has expertise in a few other areas of science studies, there is hardly anyone with expertise or serious interest in scientometrics.  
· I used three institutions in three different cities to gather Web of Science data: National Centre for Catalysis Research, Indian Institute of Technology, Madras, courtesy Prof. B Viswanathan; National Centre for Science Information, Indian Institute of Science, Bangalore, courtesy Prof. N V Joshi; and Central Electrochemical Research Institute, Karaikudi, courtesy Prof. A K Shukla. As only bona fide members of these institutions can have access to the Web of Science database, it was important for me to collaborate with the staff/students of these institutions.  In any case it would have been difficult for me to carry out such voluminous work in such a short time without some assistance, especially when I had to travel to different locations to gather data. Incidentally, the ONR project covered costs of travel. NCSI took care of local hospitality on all my visits to Bangalore and friends took care of local hospitality when I visited Karaikudi and Delhi. 
· I collaborated with a number of professional colleagues to do my part of the ONR-funded project. I am grateful to all of them for their readiness to spare their valuable time often at short notice and their willingness to work without any monetary rewards. These include Prof. B Viswanathan, NCCR, IITM; Mr Gunasekaran, CECRI; Ms Thulasi Krishna Rao and Mr Suruli Nathi, NCSI-IISc; and Mr Prabir Ghosh Dastidar, Ministry of Earth Sciences, New Delhi. Each one of them made important contributions to the work reported here.
· I am grateful to Dr Eugene Garfield who gave me a copy of the HistCite software and permission to use it. The use of HistCite has considerably enhanced the value of the work I did for the ONR-funded project.
· I am grateful to Mr Soren Paris at Dr Garfield’s office for helping me learn to use HistCite. Later on, when I shared the software with my collaborators - Prof. Viswanathan, Mr Gunasekaran, Ms Thulasi Krishna Rao and Mr Suruli Nathi - my understanding and my ability to use HistCite improved a considerably.   

· I and my collaborators believe that the work we have carried out for the ONR project is of a high quality in terms of scientometrics research and ranks very high in terms of value for money and usefulness to the ONR project. 

· I have sent many preliminary reports on work done so far and this report is the consolidated version of all of them. 

This report includes the following:  
1. A brief note on evaluation of science.
2. The presentations I made at two workshops organized at NIAS as part of the ONR
    project.
3. A paper on fuel cells research in Asia with special emphasis on India and China

4. A brief note on nanoscience research in India

5. A paper on the nano science research of Prof. C N R Rao

6. Brief notes on the nanoscience research of Professors Kamanio Chattopadhyay, A K  

    Sood and P M Ajayan  

7. A commentary on the science race in India, which appeared as an ‘opinion’ piece in

    10 April 2008. Although it was not written as part of this project, it is included because    

     it may be marginally relevant.
8. A brief report on my meetings with Dr Eugene Garfield, Dr Ronald Kostoff and Dr 

    Bhakt Rath.

Subbiah Arunachalam
April 14, 2008
Evaluation of Science

The context

The world is moving towards a knowledge-based economy, one in which research, its commercial exploitation, and other intellectual work play a growing and increasingly important role in driving not only economic growth but also other aspects of human survival such as security and environment. Starting from hunting and gathering, humanity has moved to agricultural production to material production to energy production to knowledge production as the key paradigm of progress. Different societies/countries are at different stages of growth - primitive to modern. Their economies are becoming increasingly linked. Globalization is here to stay. And science plays a central role.

Performance evaluation in science

The first step in setting standards is to understand what science is. Science is a cerebral and an intensely creative activity; it leads to new knowledge – the cognitive dimension of science. It is a communal activity, at once cooperative and competitive  - the social dimension of science.

Science depends on incremental production of information and constantly sharing that information with others across space and time and across specialties – Standing upon the shoulders of giants as Newton put it elegantly. It depends on the spoken and the written word and more so on symbols and languages of its own.

Science is performed by people and often in institutions

· Professors and students in universities

· Scientists and scientific assistants in research laboratories – both public and private

Science is often performed with others’ money – the funding agencies – and with people from elsewhere and locations outside one’s country.

Science has its own internal system of evaluation and self correction.

The interplay between the cognitive and social dimensions makes science very exciting and complex.

Science can be looked at as a system with inputs and outputs: Inputs such as manpower and funds invested and outputs such as research papers, conference papers, patents, discoveries and innovations

Science is seamlessly integrated with higher education, industry, agriculture and defence and it has a bearing on the strength of a nation’s economy and security

Science brings recognition and prestige to its better performers – as awards, prizes, medals and Fellowships of Academies, apart from promotions and tenure.

Science is becoming increasingly globalized.

All of these lend readily for evaluation or construction of indicators

Till recently science was dominated by a few OECD countries, especially the USA. 

EU wants to be the most competitive and dynamic knowledge-based economy by 2010. 

China is moving fast towards becoming an S&T power. Brazil and South Korea are making rapid strides.

Where does that leave India? Some say science in India is ailing. Who says matters more than the truth of what is said! Yardsticks differ from person to person.

Manpower or workforce indicators

It is people who contribute talent, scientific ingenuity, and technical sophistication.

One can look at the total number (% of civilian employment) and kinds of people deployed, intake, retention, educational levels, sex, native and foreign, salary levels, training, career advancement, etc.

Migration of S&T workers and scientists working in more than one institution are becoming increasingly common. The famous book “The illustrious immigrants” gave an account of the exodus of scientists from Europe to North America and how many of them made it big. The TOKTEN experiment facilitated expatriate scientists working in advanced countries to return to their home countries for short periods.

Inter-sectoral migrations of the workforce: People from universities and research laboratories move to industry, not only in the production sector but also to R&D and top management. Worse still, as Prof. C N R says, a very large number of bright young students are weaned away from science by the IT industry [where most people are intellectually not challenged sufficiently] and the stock market. Factors that affect S&T workforce include the economy and higher education

The relation between S&T and agriculture, industry, defence, security and the economy as a whole

Here are some questions pertinent to science policy:

What led to colonization of much of the world by a few western countries?

Why is the world concerned about India going nuclear?

How was food-scarce and hungry India turned into a net food exporter in the 1970s?

How are Indian companies able to acquire foreign companies?

Why despite its superiority in S&T, the USA suffered 9/11?

R&D investment

R&D is an engine of competitive strength and profit growth

Much of R&D investment in India comes from the Government. Industry’s contribution and cross-national investments are increasing.

As inflation affects the real value of the currency, one needs to make adjustments in dealing with time series data.

The ratio of investment in R&D in academia, industry and public labs vary from country to country and from year to year.

Sectoral investments matter. Service sector increasingly dominant.

Output indicators

Peer review

Literature-based indicators

Patents-based indicators and high-tech production

Information access indicators

Collaboration indicators

Networking of ideas and people

Software development for building indicators

Conclusion

Evaluating science is a tricky and difficult business. Even experts find it a daunting challenge

It needs clear insights and great understanding. One needs to synthesize multiple elements. 

It needs an open mind and freedom from prejudices.

Elsewhere they have set up Observatories to monitor the S&T sector and its impact on other sectors.

NSF, NAS, EU are all very active as are many private agencies.

India needs to do much better.

What have we done (for the ONR project)?

Our work for the ONR project is restricted to analysis of research publications indexed in the Web of Science. We have not looked at patents so far.

We have made a quick analysis of nanoscience and nanotechnology research today by analysing WoS data for two publication years, 2006 and 2007. We have analysed the data by document type, country of origin, institution, source (journal), author, language, etc. We have analysed the Indian research output in great detail. We have also looked at the contributions of three Indian nano scientists, viz. C N R Rao, Kamanio Chattopadhyay and AK Sood using the HistCite software* developed by Dr Eugene Garfield and colleagues. 
We have also looked at fuel cells research in Asia (in particular India and China) and the work of Prof. A K Shukla. 

*HistCite is unlike any other software developed for scientometric analysis. It can be used to study indvidual scientists, a group of scientists (department or institution) and research fronts (or themes). For example, if one wants to study the evolution of cholera research in India, one first downloads bibliographic information on all cholera papers from India from Web of Science. Then one looks at all the papers these Indian papers have referred to and all the papers that have cited the Indian papers. Now for all these papers one looks up cited references.  One ends up with a very large collection of papers called the “Collection” on the individual. This collection is exported to HistCite which provides a detailed table giving for each paper in the collection the number of times it was cited by papers within the Collection and overall. The first is called the Local Citation Score and the second the Global Citation Score. HistCite permits construction of citation networks based on a certain number (say 30, 40 or 50) of the most highly cited papers in the Collection. One can have two networks, one based on LCS and the other based on GCS. 

HistCite analysis provides insights into the way a field has developed, places in perspective an author's contribution, and identifies the key papers in a field. 

Presentation made at the NIAS-ONR workshop held on 12 April 2007

Science in India Today 

Subbiah Arunachalam

Distinguished Fellow

M S Swminathan Research Foundation 
Chennai 600 113, India
Budget allocation for science and research related activities in India is increasing but slowly. Investment rose by 17% for the year 2006-07 to the equivalent of 2.3 billion pounds. The increase for 2007-08 is much more.
Sectors set to gain from the budget include biotech, nanotech and pharma research.
Allocations have been made for the creation of new institutions of excellence. The older universities in Calcutta, Bombay and Madras and the agricultural university at Ludhiana are given a special research grant. IISc was given a special grant the previous year.    

A National Agricultural Innovation Project has been launched.
Funding has been provided to National S&T Enterpreneurship Board to set up technology business incubators. Concessions will be provided to incubatee-enterpreneurs. Incubatees can come from universities, R&D labs, and engineering colleges.

Allocation for different departments (Million pounds)
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Defence                                               376
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Biotechnology



  67

Non-conventional Energy

  75

Ocean Development


  60

Growth as estimated by number of research papers published is less than moderate, although it is picking up in the recent past. For example, India accounted for 2.3–2.5% of journal literature indexed in Chemical Abstracts in the years 1997–2002, but in 2006 the figure rose to 3.0%. In contrast, China’s share rose from 6.8% in 1997 to 16.5% in 2006; South Korea’s share rose from 1.6% to 2.4%. Brazil’s share almost doubled from 0.8% to 1.5%.

Journal articles in Mathsci.Net

Country
1991
     1995
2000
     2005

India

1405
     1427
1431
     1634

China

3605
     5032
6441
     9621

S. Korea
  224
       600
  932
     1138

Brazil

  386
       486
  798
       942


USA

10315
   10985
11648
   14307

World

43635
   49156
58046
   68257

===============
Presentation made on 17 February 2008

Literature and patent based evaluation of research: What can it tell us about science and technology in India and China? 

Subbiah Arunachalam

Distinguished Fellow

M S Swaminathan Research Foundation

Chennai 600 113, India
Let me begin with some caveats. 

I am not a laboratory scientist, experimenter, theoretician or policy maker. I am looking at scientists and the scientific enterprise more like an anthropologist will look at tribes and indigenous people. I am a science critic and commentator somewhat like music and theatre critics or journalists.
I have been observing Indian science from close quarters for more than three decades. Apart from my natural flair, a two-year stint at the Indian Academy of Sciences and a meeting with Eugene Garfild made a big impact on my work. 

Research leads to papers (in journals) and patents, and both of them lend themselves readily for use as output indicators in the monitoring and evaluation of research.

NSF/NSB in the United States brings out biannual Science & Engineering Indicators since 1972. The European Union brings out the European Report of Science & Engineering Indicators. There are also Observatories of S&T to gather data and generate such indicators, e.g. in France, the Netherlands and Portugal.

There are individuals and institutions - Francis Narin, Eric Archambault,  Ronald Kostoff, the Leiden group, Thomson Scientific, CHI Inc., Lux and Science Metrix - who analyse literature and patents data for government and corporate houses. 

Eugene Garfield brought out an Atlas of Science in 1981 using cocitation analysis to display the cognitive structure of scientific knowledge. He also created ScienceWatch and The Scientist.
Web of Science, Scopus and Scholar Google and a few subject-based databases such as SciFinder and MathSci Net are the usual sources of literature data. In China, ISTIC produces a Chinese Citation Index. Patents – especially US, European and Japanese patents – are also used in scientometric studies.
Here are some examples of typical statistics. 

Between 1995 and 2005, the volume of journal articles published by China increased annually by 16.5%, and that of S. Korea by 15.7%. India recorded  a growth rate of 4.5% and Taiwan 8.6%. The world share of USA dipped from 34.2% to 28.9% and that of EU from 34.7% to 33.1% -- Data from NSF/NSB based on Web of Science.
In Japan three auto majors account for a majority of fuel cell patents, followed by consumer electronics industries. 
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IBM leads the world in number of patents granted for 15 years in a row.

Now elegant tools are available to make much more sophisticated analysis: datamining, discovery, technical intelligence and visualization. These are developed by Olle Persson, Loet Leydesdorff, Sandia National Laboratories, Felix Moya of Granada, Henry Small and Eugene Garfield. 

Among those who go beyond mere statistics are Don Swanson and Ronald Kostoff. In 2006 I invited Kostoff to write two articles for Current Science – on a comparison of India and China and on global nanotechnology research.  

I will talk about nanotech and fuel cell research in India.

My interest in these two fields goes back to the mid 1990s when I shifted from Delhi to the central Electrchemical Research Institute (CECRI), Karaikudi. The first paper on fuel Cells from India came from CECRI in 1981 and I did a report on materials science research in India and China (based on an analysis of data from Materials Science Citation Index) for DST.
I found that Prof. C N R Rao had half a dozen papers in 1994-95 in nanotechnology. I came to IISc and interviewed his youngest student Ram Seshadri. I have subsequently looked at science in China and India, research in tuberculosis, diabetes, cardiovascular

disease, neuroscience, malaria, cholera, physics, biology, math, agriculture, and international cooperation. I am at it for more than two decades.
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Using data from the Web of Science and a technique developed by Eugene Garfield and colleagues, Arun showed how one could trace the evolution of ideas and identify key players as well as construct networks of people and papers. To illustrate the point, Arun traced the nanoscience work of Prof. C N R Rao, India's leading nano researcher, through two historiographs. Arun pointed out that in the area of preparation of nanomaterials Prof. Rao's group is very strong, but by and large their work has had influence within the field of nanoscience and not had much impact on the wider areas of science and technology.
The techniques I use are particularly useful in countries where peer review is not all that strong and where status counts for more than stature. In my own work, I have looked at the relevance of medical research carried out in India and identified people who did not receive adequate rewards and recognition. We can use them to identify potential collaborators, candidates and areas for funding, etc.   
Of course, these tools are like a surgeon’s knife. One should be competent to use them and use them carefully. 

=========
A historiographic analysis of fuel cell research in Asia – China racing ahead
Subbiah Arunachalama and B Viswanathanb

aM S Swaminathan Research Foundation, Chennai 600 113, India

bNational Centre for Catalysis Research, Indian Institute of Technology Madras, 

 Chennai 600 036, India

Abstract. 

Fuel cell research in China, India, Japan, Singapore, South Korea and Taiwan, over the years 1983-2007 is analysed and compared with that in USA for number of papers, document type, journals used and international collaboration. For India and China we have also identified the key researchers and institutions. Using HistCite, the visualization technique developed by Garfield and colleagues, we have constructed the historiographs for India and China based on both local citation scores (LCS) and global citation scores (GCS), and identified key papers. We find that there is not much exchange of knowledge among different Asian countries. The thrust in China is in developing noble metal nanoparticle catalysts supported on carbon nanotubes and the thrust in India is in the area of direct methanol fuel cells. In India A K Shukla is the single most significant contributor to fuel cell research: He is an author of 14 of the 50 nodes in the India LCS historiograph. 

====

Not many inventions have had to wait as long as fuel cells to be exploited. The invention in 1839 of a device to produce electricity from hydrogen and oxygen by Sir William Robert Grove, a Welsh judge, remained virtually untapped and bereft of any development for more than a hundred years, until the beginning of the space race in the 1960s. It attracted wider attention following the oil crisis. Recent concerns of climate change and environmental degradation and the rise in price of all forms of energy have given fuel cell research an impetus, and the hope is that fuel cells will eventually be used widely both as stationary and as portable energy sources to power automobiles, homes, and electronic devices such as laptops, mobile phones, Walkman and MP3 players.1 

Till about the turn of the century, Japan was the only Asian country to have some significant presence in fuel cell research largely thanks to the interest shown by Japanese automobile and consumer electronics industries. In the past seven years fuel cell research has picked up in other Asian countries as well, especially China and South Korea and to a lesser extent in Taiwan and India.

In this paper we have attempted to quantify the contributions made by six Asian countries, viz. China, India, Japan, Singapore, South Korea and Taiwan, to the literature of fuel cell research, and tried to trace the evolution of the field through citation-based historiographs, using HistCite developed by Garfield and colleagues.2  


Most scientometric studies on fuel cell research have looked at corporate research and patenting. For example, the white paper on the hydrogen revolution brought out by Thomson Scientific Ltd in October 2004 showed that patenting was rising rapidly in the field of fuel cells – from around 870 in 1999 to over 4,000 in 2003 – and that Japan was a major player.1 Alan Pilkington used patent data to identify main players, both inventors and firms, active in fuel cell innovation.3-5 Emmanuel Hassan looked at the evolution of the knowledge structure of fuel cells using both patent and publication data.6 Jonathan Butler surveyed current developments in fuel cells in India.7 

Data and analysis

We used the Science Citation Index Expanded part of Web of Science as our source of data. We used the names of different countries in the address field and the following words in the topic field: "fuel cell" OR "fuel cells" OR PEMFC OR MCFC OR PAFC OR SOFC OR DMFC. We had to omit AFC (for alkaline fuel cells) from our search strategy as it picked up a very large number of papers in areas ranging from enology to electrical engineering and geology, where AFC stands for acceleration feedback control, adaptive feedforward cancellation, adaptive fuzzy controller, affinity chromatograph, antral follicle count, alternative forced choice, and so on. We did not restrict the years or document types. We made standard bibliometric analysis using the data downloaded from Web of Science and then did a HistCite analysis on the data for India and China.

Growth of fuel cell research in Asia
The numbers of papers published from different countries during 1983-2007 are shown in Figure 1. The United States is the undoubted leader, followed by Japan, China, South Korea and Germany.

The growth of fuel cell research in several Asian countries, USA and the world as a whole is shown in Table 1 as a time series of number of papers published annually over a period of 15 years. There has been a dramatic rise in fuel cell research only in the new millennium in all the countries considered.  Although in the early years – up to 2000 – there was not much of a difference in the annual publication outputs of Japan and USA, in 2006, USA accounted for 24% of the world’s publications as against Japan’s less than 11%. Indeed, People’s Republic of China had overtaken Japan in 2006. [But Japanese companies, especially the three leading automobile companies (Toyota, Honda and Nissan), are obtaining very large number of fuel cell related patents every year]. India was ahead of China and South Korea till 1997, but in later years both China and South Korea raced ahead of India. In the 15 years considered here, India’s share is less than 10% of the share of USA and less than 24% of the share of People’s Republic of China. South Korea has published more than twice the number of papers from India and the relatively small Taiwan has recorded a larger annual publication output than India since 2005. Even the tiny city state of Singapore has a publication output comparable to that of India. 

Arunachalam had shown six years ago that China was racing ahead of India in all of science as seen from papers indexed in Science Citation Index, Chemical Abstracts, and MathSciNet.8 What is significant is that China is far ahead of India in niche areas such as fuel cells and nanotechnology9 also. 

Document types and journals used

Table 2 provides data on the distribution of publications by document type. More than a third of the reviews have come from the United States. With 16 reviews out of a total of 477 papers India has accounted for almost the same percent of reviews as USA - much higher than that of other Asian countries. US also accounts for a large majority of meeting abstracts. This could be partly because Web of Science indexes the abstracts of papers presented at meetings of the American Chemical Society and other American societies but not at many conferences held outside the United States.

The journals used most often by fuel cell researchers in Asia as well as USA are listed in Table 3 along with their 2006 impact factors. Virtually researchers from all the countries considered publish most of their work in the same set of international journals such as Journal of Power Sources, Solid State Ionics and Electrochimica Acta with some minor variations in the extent of use. Electrochemistry journals dominate the list, followed by energy and materials science journals. Certain national journals are used predominantly by researchers from the concerned country. Of course there are some exceptions: Japanese researchers have published 21 papers in Chemical Communications [UK, 2006 impact factor 4,520] and Chinese researchers have published 21 papers in Carbon [Elsevier, 2006 impact factor 3.884]. As fuel cell is a hot field of research, papers in the field tend to appear in high impact factor journals: 1,349 papers have appeared in journals with impact factors higher than 3.000, and 458 papers have appeared in journals with an impact factor in the range 2.500 – 3.000. 

Collaboration

The extent of international collaboration as seen from coauthored papers is presented in Table 4. USA has collaborated often with South Korea, China, Japan, Canada, Germany and Italy. Japanese researchers have coauthored papers with mainly researchers from USA, China, South Korea and Australia. China has collaborated often with USA, Japan, Canada, Singapore and Germany. South Korea’s research partners include USA, Japan, India and China. Indian researchers have collaborated often with researchers based in USA, South Korea, Germany, and Japan. Overall, the share of papers resulting from international collaboration is much less for India than all other countries considered here. 

Distribution by institution

Table 5 provides data on the contribution made by Indian and Chinese institutions. Indian Institute of Science, Bangalore, tops the list (for India) with 63 papers which were cited 1314 times. Two CSIR laboratories, viz. Central Electrochemical Research Institute (56 papers) and National Chemical Laboratory (21 papers) and two Indian Institutes of Technology, viz. IIT Madras (40 papers) and IIT Delhi (27 papers), have also published moderately in this field. No other Indian laboratory has published more than 20 papers during 1983-2007. In all, higher educational institutions including universities and colleges have published 264 papers and the laboratories of the Council of Scientific and Industrial Research have published 134 papers. SPIC Science Foundation, a non-profit organization has published 19 papers. The Government-owned Bharat Heavy Electrical Ltd (3 papers) and the Defence contracting company High Energy Batteries India Ltd (2 papers) are the only Indian companies to have any research presence in the area of fuel cells. This is in stark contrast to what is happening in Japan where both automobile companies and other major industrial houses are very active in fuel cell research and innovation. India’s Department of Atomic Energy has published 35 papers: Tata Institute of Fundamental Research (5 papers), Bhabha Atomic Research Centre (17 papers) and Indira Gandhi Centre for Atomic Research, Kalpakkam (13 papers).

Chinese Academy of Sciences leads the field in China with 564 papers during 1983-2007, followed by Tsing Hua University (153 papers), Harbin Institute of Technology (140 papers), University of Science and Technology, China (113 papers), Jilin University (116 papers) and Shanghai Jiao Tong University (101 papers). In about 90% of papers published from China there is at least one Chinese author from a higher educational institution. In contrast university researchers in India are authors in only about 55% of Indian papers. 

Prominent Indian and Chinese researchers
Prof. A K Shukla (Indian Institute of Science and Central Electrochemical Research Institute) is the most prolific Indian researcher in this field. He has published 51 papers from India during 1983-2007 and these were cited 1171 times for an average of 23 citations par paper. Apart from these, Shukla has also published four papers from the University of Newcastle upon Tyne which have been cited 172 times. But these are not attributed to India in this study as they do not have an Indian address in the byline. If these are included Shukla’s figures will be 55 papers, 1343 citations and average of 24.4 citations per paper. B Viswanathan of IIT Madras (24 papers and 192 citations), R Pattabhiraman of CECRI, Karaikudi (22 papers and 62 citations), I A Raj of CECRI (22 papers and 48 citations) and K S Dathathreyan of SPIC Science Foundation (21 papers and 135 citations) are the other Indian researchers who have published more than 20 papers. The first Indian paper in this field came from the Central Electrochemical Research Institute [Pattabhiraman R, Venkatesan V K and Udupa H V K, 1981.] Girijesh Govil of TIFR was the next to write a paper in this field. He wrote two papers on biochemical fuel cells, one in 1982 (J Indian Chem Soc) and the other in 1983 (Int J Quantum Chem). Prof. K S V Santhanam and colleagues of TIFR, Bombay, had published a paper in Advanced Materials in 1999 and it has been cited 169 times so far. In this paper and in another paper Prof. Santhanam wrote after he started working in the USA, Prof. P M Ajayan, the well-known nanotechnology researcher, is a coauthor.  A paper by Ravikumar and Shukla in the Journal of the Electrochemical Society, 1996, has been cited 169 times so far. Five of Shukla’s papers, not counting the papers he authored from Newcastle upon Tyne, have won 50 or more citations and 16 papers have won 30 or more citations. 

Since the first Indian paper in fuel cell research appeared in 1981 from CECRI, there has been at least one paper from India every year. The first Chinese paper appeared in 1986 in International Journal of Hydrogen Energy. The second paper from China had not appeared till 1991. And yet today, despite their late start, the Chinese are way ahead of India. There are at least 13 institutions in China which have published 50 or more papers in the period we have studied. In contrast, only two Indian institutions have published more than 50 papers. Fifty institutions in China have published 10 or more papers, whereas only 13 Indian institutions have done so. More than 180 Chinese authors have published 10 or more papers as against 13 from India; Only one Indian author has published more than 50 papers and five more than 20 as against 11 Chinese authors with 50 or more papers and 66 with 20 or more papers. B L Yi (98 papers and 718 citations), G Y Meng (91 papers and 431 citations), Q Xin (87 papers and 1,208 citations), G Q Sun (82 papers and 1,134 citations), and W Z Li (33 papers and 948 citations) are among the most prolific authors of papers on fuel cells in China. Some Chinese authors have a very high citations/ paper score: For example, Zhou W J, a coauthor of Li W Z, has authored 25 papers and received 888 citations. Zhou Z H has 31 papers which have won 773 citations. Hsing I M has 31 papers and 476 citations.


Papers from USA have been cited relatively more often than papers from India and China. The 4,899 fuel cell research papers from USA have received 73,631 citations for an average of 15 and a h-index of 110. Eleven papers are cited 300 times or more, 53 are cited more than 150 times, 127 are cited 100 times or more, 195 are cited 75 times or more. And 367 are cited 50 or more times. 

Historiographs for fuel cell research in India

We have attempted to trace the evolution of fuel cell research in India and China through constructing historiographs using HistCite software (developed by Eugene Garfield and colleagues) in conjunction with Web of Science. 

We consider all of India’s 477 fuel cell papers. We include all the references quoted in these 477 papers. We add all the papers that have cited these 477 papers as well as all the references quoted in those citing papers. The resulting aggregate is called the Fuel cell India collection. The collection is exported to HistCite to obtain a large list of 2,851 papers and 60,615 cited references along with their local and global citation scores (LCS and GCS). The local citation score for a paper denotes the number of times the paper is cited within the Fuel cell India collection, and the global citation score denotes all citations to the paper (found in Web of Science). Thus LCS will always be a subset of GCS. HistCite enables one to draw a citation network among highly cited papers from which one gets a feel for the evolution of the subject (or research front) over the years. 


What HistCite does is to reduce the clutter: In the huge population of papers and citations that constitute the Fuel Cell India collection, one would not get anywhere if one tried to view all the citation links. By clever use of algorithms and networking tools HistCite prunes many of the not so important links and leaves one with a manageable and compact scientograph.    


Fig.2 is the historiograph of fuel cell research in India based on the 50 most highly cited papers in the Fuel cells India collection based on their global citation scores. Fig. 3 is a similar historiograph but based on the local citation scores (LCS). Both of them cover the period 1988-2005, although we collected data on fuel cell research from 1983. The papers published up to 1987 have not found a place in these historiographs, indicating that they have not proved to be very significant. 

In both these historiographs, the story begins with a paper by Roger Parsons and T VanderNoot in Journal of Electroanalytical Chemistry published in 1988. Five of the 49 other highly cited papers in the Fuel Cells India collection have quoted this paper, which has reviewed the electrochemical literature during 1981-1987 on the oxidation of small organic molecules as potential fuels for fuel cells. The paper also discussed the nature of the poisoning species and intermediates and suggested areas of future research. In the GCS historiograph, the Parsons paper was cited by papers 145 (Hamnett), 197 (Wasmus), 231 (McNicol), 315 (Carrette) and 616 (Antolini). In the LCS historiograph, the 1988 Parsons paper was cited by 145 (Hamnett), 190 (Shukla), 197 (Wasmus), 251 (Arico) and 616 (Antolini). 

The prominent nodes in the GCS historiograph are 98 (Ravikumar, 10 citation links), 145 (Hamnett, 8 links), 153 (Gotz, 4 links), 154 (Liu, 6 links), 195 (Britto, 13 links), 197 (Wasmus, 7 links), 239 (Heinzel, 4 links) and 353 (Luo, 5 links). 

The prominent nodes in the LCS historiograph are 67 (Shukla, 10 links), 68 (Arico, 7 links), 98 (Ravikumar, 14 links), 114 (Arico, 6 links), 190 (Shukla, 6 links), 195 (Britto, 4 links). 

In paper No. 68 (1994), Shukla and colleagues from Indian Institute of Science and Italy studied the electrooxidation of methanol in sulphuric acid electrolyte on a platinized carbon electrode with several functional group characteristics and found that small amounts of functional groups exhibit higher catalytic activity than large concentrations of acid/base functional groups. This paper has received 38 citations so far. Again in 1994, the Indo-Italian team of researchers continued with their investigation of methanol oxidation, but this time on carbon-supported platinum-tin electrodes in sulphuric acid [Paper No. 79, J Power Sources, 39 citations].


Paper No. 98 by M K Ravikumar and A K Shukla, published in Journal of the Electrochemical Society (1990) is a key paper in this field and is quoted by ten other highly cited papers. In this paper, the authors reported on the performance of a liquid-feed direct methanol fuel cell employing a proton-exchange membrane electrolyte and showed that methanol crossover across the polymer electrolyte at concentrations over 2M methanol affected the performance of the cell. This paper has been cited 169 times so far.


Paper No. 115 by Arico et al. (J Electrochem Soc, 1996) is about a vapour-feed direct methanol fuel cell based on a solid polymer electrolyte and employing ‘platinum-ruthenium on carbon’ catalyst for methanol oxidation and ‘platinum on carbon’ catalyst for oxygen reduction. This paper has been cited 102 times.

 
In 1997, A Hamnett wrote a paper on the mechanism of electrocatalysis of methanol oxidation on platinum and platinum-containing alloys (in Catalysis Today) and showed that critical performance parameters for commercial exploitation were achievable with appropriate catalytic formulations and cell designs. This paper has received 196 citations so far. 

  
Liu et al. from the Illinois Institute of Technology compared the performance of supported and unsupported catalysts in direct methanol fuel cells. Their paper in Electrochimica Acta (paper No. 154) has been cited 89 times.


Paper No. 198 is the most cited paper in this collection. This review of methanol oxidation and direct methanol fuel cells by Wasmus and Kuver in J Electroanal Chem has received more than 370 citations so far. This status report focuses on fundamental and applied electrochemistry aspects of DMFC and emphasizes strategies and approaches rather than individual results. 


Paper No. 353 by Luo et al. from Beijing is basically on electrochemical and electrocatalytic behaviour of single-wall carbon nanotube film on a glassy carbon electrode. This paper is cited over 300 times.

Shukla’s work in fuel cells

In the LCS historiograph of India, 24 of the 50 papers are from India and in 14 of them A  K Shukla is an author. In view of the prominent role played by Shukla in fuel cell research in India, we constructed historiographs (not shown here) based on his 55 papers which were cited 1,343 times. The HistCite data consisted of 943 records and 17,322 cited references. Shukla’s main interest is direct methanol oxidation and measurement of performance of single cells. The prominent nodes in the GCS historiograph are papers by Roger Parsons (1988), Ravikumar and Shukla (1996), Hamnett (1997), Wasmus and Kuver (1999), and Gotz (1998). The prominent nodes in the LCS historiograph are Parsons (1988), Shukla (1994), Arico (1994), Shukla (1995), Shukla (1995), Ravikumar (1996), Arico (1996), and Shukla (1999). In the LCS historiograph constructed from the Shukla fuel cell collection, 16 of the thirty papers were authored by Shukla. In contrast in the GCS-based historiograph, only one paper was authored by Shukla. Also, in all these papers by Shukla we find that LCS and GCS were the same, indicating that virtually the entire influence of Shukla’s work remains within the domain of fuel cell research. We notice a similar trend in the nano science work of C N R Rao (unpublished results). In both cases we found that there is a considerable difference between the LCS and GCS of papers by other prominent researchers which appear in the Indian collection of both fuel cell research and nano research. 

Shukla has collaborated with 68 coauthors from 17 institutions spread over six countries. Five of his coauthors have collaborated with Shukla in seven or more papers, and eight scientists have coauthored at least in five papers with Shukla. Shukla has published his fuel cell papers mostly in the mainstream journals: J Power Sources (18), Appl Electrochem (9), and J Electroanal Chem and J Electrochem Soc (4 each). Seven of the 55 papers of Shukla have been cited 50 times or more often; 11 of them 40 times or more; 17 of them 30 times or more; and 25 of them 20 times or more. Shukla’s h-index for his fuel cell research is 23.

      Historiographs for fuel cell research in China 

Fig. 4 and Fig. 5 are the historiographs constructed from the Fuel cells China collection consisting of 6,216 records and 110,479 cited references. Fig.4 is based on GCS and Fig. 5 is based on LCS. In both these, the first key paper is the 1999 review on DMFC by Wasmus (Paper No. 52). In both these figures the following nodes are found to be prominent: 52, 167, 238, 309 and 621. In addition, node numbers 54, 145 and 495 also seem to be important from the GCS historiograph. 


In paper No. 167, Bessel (2001) demonstrated the superiority of carbon nanofibres over Vulcan-72 carbon as support for platinum-loaded electrodes for direct methanol oxidation, as they led to proper crystallographic orientation of the active platinum crystallites.  


In paper 238, Li et al. report that a highly dispersed platinum nanoparticle catalyst

      supported on carbon nanotubes, employed as the cathode for a DMFC, led to higher 

      activity of the oxygen reduction reaction and better performance of the DMFC, as 

      compared to the catalysts supported on commercial carbons.

In paper 309, Liu et al. (2002) demonstrated the better performance of platinum 

      deposited on multiwall carbon nanotube by electroless method in direct methanol 

      oxidation. 


Paper No. 495 is again on methanol oxidation, this time by a bimetallic catalyst. 

      Zhang (2003) showed that Pt-Ru nanoparticles supported on a carbon electrode 

      possessed high dispersion and high catalytic activity for methanol oxidation at room

      temperature.


In paper 621, Li (2003) showed that platinum crystallites formed by reduction with ethylene glycol and formaldehyde on multiwall carbon nanotubes were more active than the system based on Vulcan XC-72. This difference in catalytic performance was attributed to a greater dispersion of the supported platinum particles on multi-wall nanotube support. 

Tu et al. (paper 54, 1999) showed that perovskite oxides based on lanthanum, strontium, cobalt and iron showed the best catalytic activity for oxygen reduction. 
In paper 145, Cheng (2001) makes an overview of the potential of carbon nanotubes for hydrogen storage from both experimental and theoretical points of view.
Knowledge flow in the region

While much of the thrust in India is on direct methanol fuel cells, the thrust in China is mainly on the development of metallic nanoparticle catalysts supported on carbon nanotube electrodes. As the catalysts used in fuel cells involve expensive noble metals like platinum and ruthenium, it is important to reduce the amount of the metal used and yet increase the catalytic efficiency in order to make fuel cells cost effective and competitive to petroleum and other sources of energy. Indeed, the goal is to reduce the loading of noble metals by an order of magnitude and to enhance preferential orientation of crystallites. 

An analysis of the country of origin of the highly cited papers that find a place in the historiographs of different countries can give an idea of cross-national knowledge flows. The LCS historiograph of India has 24 papers (out of 50) from India, five from South Korea, four from China, one from Japan, seven from USA, seven from England and six from Germany. Remember that some of these nodes may also have authors from other countries, as there is much international collaboration in this field. The GCS historiograph of India has eight nodes from China, three from India, two each from South Korea and Japan, 18 from USA, and five each from England and Germany. Clearly the work carried out in the West continues to be of great relevance to fuel cell research in India as seen from the number of nodes from the West in the GCS historiogrpah. It is also seen that work carried out in China is also of great relevance to Indian researchers as evidenced by the eight nodes from China as against three from India in the GCS historiograph.   
In the LCS historiograph of fuel cell research in China 32 of the 50 highly cited papers are from China, 11 from USA, four from Germany and two from Japan and one from India. In the GCS historiograph for China, 12 of the 50 the nodes are from China, 15 from USA, eight from Germany, three from Japan and two from England and one from India. Clearly Work done in India has very limited influence on work carried out in China. Work done in the West continues to be of great relevance to Chinese research in this area. 

With the data presented here we are unable to evaluate the flow of knowledge from Japan. For one thing, we have not constructed the LCS and GCS historiographs for Japanese fuel cell research. For another, in this field Japan is more into patenting than into publishing in research journals. We have not so far examined the patent literature and its use in such studies.
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Table 1.  Distribution of publications on fuel cells from selected countries and the world by year [Data from Web of Science]

	Year
	World
	India
	China
	South

Korea
	Japan
	Taiwan
	Singa-

pore
	USA

	1993

1994

1995

1996

1997

1998

1999

2000

2001

2002

2003

2004

2005

2006

2007*

1983-2007
	215

302

302

459

400

556

599

775

859

1164

1437

2126

2469

3502

3270*

19468
	8

6

5

9

11

13

23

13

23

28

26

52

55

85

97*

477
	1

1

2

6

5

16

29

27

46

90

130

221

318

561

591*

2048


	2

5

6

17

10

21

21

32

44

67

81

149

129

275

211*

1072
	51

73

73

115

79

92

101

126

112

176

208

293

316

372

324*

2777
	1

4

1

4

-

3

3

7

3

11

21

36

66

144

134*

438
	-

-

-

-

1

1

1

2

6

14

24

34

42

58

52*

236
	61

61

67

99

79

113

113

142

190

303

392

601

705

820

772*

4899


* Data for 2007 not complete 

Table 2. Distribution of publications on fuel cells by document type 

[Data from Web of Science 1983-2007]

	Article 

Type
	World
	India
	China
	South 

Korea
	Japan
	Taiwan
	Singa-

pore
	USA

	Article

Review

Meeting 

   abstract

Note

Letter

Total
	17295

501

561

99

153

19468*


	448

16

 7

4

 2

477
	1987

32

10

2

11

2048*
	1036

15

11

0

5

1072*
	2647

34

30

40

14

2777*
	434

-

2

-

2

438
	229

4

1

-

1

236*
	4142

170

451

16

53

4899*


*includes editorial, correction and other types of documents

Table 4.  Extent of international collaboration in the field of fuel cells

	
	India
	China
	South 

Korea
	Japan
	Taiwan
	Singa-

pore
	USA

	India

P R China

South Korea

USA

Germany

Japan

Italy

England

Switzerland

Portugal

Australia

Taiwan

Canada

France

Mexico

Denmark

Israel

Belgium

Russia

Singapore

Slovakia

Spain

Sweden

New Zealand
	477

3

23

23

19

15

14

13

13

5

4

4

3

3

3

2

2

1

1

1

1

1

1
	3

2048
22

81

47

53

5

16

-

6

12

10

49

14

-

8

-

3

2

47

-

4

23
	23

22

1072

96

8

29

11

9?

-

-

3

1

5

-

1

-

-

-

1

-

-

-

-
	15

53

29

70

13

2777
8

12
9

-

24

3

13

9

1

5

-

1

2

-

-

1

4

14
	4

10

1

21

2

3

-

1

-

-

2

438

7

-

1

-

-

-

1

-

-

-

2

-
	1

47

-

8

-

-

1

13

-

-

6

-

1

-

-

-

-

-

-

236

-

-

2

-
	23

81

96

4912

57

70

54

36

23

4

13

21

68

47

7

15

4

3

14

8

-

20

4

10


Table 5. Distribution of papers from India and China by institution

	Institution [India]
	No. of papers
	
	Institution [China]
	No. of papers

	Indian Institute of Science
	63
	
	Chinese Acad Sci
	565

	Cent Electrochem Res Inst
	56
	
	Tsing Hua University
	149

	Indian Inst Technol Madras
	40
	
	Harbin Inst Technol
	139

	India Inst Technol Delhi
	27
	
	Univ Sci & Technol China
	133

	National Chemical Laboratory
	21
	
	Jilin University
	116

	SPIC Science Foundation
	19
	
	Shanghai Jiao Tong Univ
	101

	Bhabha Atomic Res Centre
	17
	
	Hong Kong Univ Sci Technol
	78

	Indian Inst Chem Technol
	14
	
	Tianjin University
	70

	Central Glass Ceramic Res Inst
	13
	
	Xiamen University 
	69

	Indian Inst Technol Bombay
	13
	
	Sun Yat Sen University
	60

	Central Salt Marine Chem Res Inst
	11
	
	Dalian University of Technol
	52
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Fig. 1.  Number of fuel cell papers from different countries, 1983-2007 
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Fig. 2. The historiograph of fuel cells research in India based on local citation scores.

Nodes: 50, Links: 120    LCS, top 50; Min: 36, Max: 169 (LCS scaled) 

	
	
	
	LCS 
	GCS 

	1. 
	17 
	PARSONS R, 1988, J ELECTROANAL CHEM, V257, P9 
	72 
	637 

	2. 
	67 
	SHUKLA AK, 1994, J ELECTROCHEM SOC, V141, P1517 
	38 
	38 

	3. 
	68 
	ARICO AS, 1994, J POWER SOURCES, V50, P295 
	39 
	39 

	4. 
	71 
	KUMAR GS, 1995, ELECTROCHIM ACTA, V40, P285 
	38 
	38 

	5. 
	77 
	SHUKLA AK, 1995, J APPL ELECTROCHEM, V25, P528 
	50 
	50 

	6. 
	78 
	ARICO AS, 1995, J POWER SOURCES, V55, P159 
	43 
	76 

	7. 
	98 
	Ravikumar MK, 1996, J ELECTROCHEM SOC, V143, P2601 
	169 
	169 

	8. 
	106 
	Quadakkers WJ, 1996, SOLID STATE IONICS, V91, P55 
	51 
	51 

	9. 
	114 
	Arico AS, 1996, J ELECTROCHEM SOC, V143, P3950 
	44 
	102 

	10. 
	145 
	Hamnett A, 1997, CATAL TODAY, V38, P445 
	66 
	192 

	11. 
	153 
	Gotz M, 1998, ELECTROCHIM ACTA, V43, P3637 
	66 
	183 

	12. 
	154 
	Liu L, 1998, ELECTROCHIM ACTA, V43, P3657 
	49 
	88 

	13. 
	172 
	Aruna ST, 1998, SOLID STATE IONICS, V111, P45 
	47 
	47 

	14. 
	173 
	Kuver A, 1998, J POWER SOURCES, V74, P211 
	41 
	73 

	15. 
	175 
	Reeve RW, 1998, J ELECTROCHEM SOC, V145, P3463 
	37 
	68 

	16. 
	182 
	Shukla AK, 1998, J POWER SOURCES, V76, P54 
	43 
	43 

	17. 
	190 
	Shukla AK, 1999, APPL SURF SCI, V137, P20 
	41 
	41 

	18. 
	195 
	Britto PJ, 1999, ADVAN MATER, V11, P154 
	169 
	169 

	19. 
	197 
	Wasmus S, 1999, J ELECTROANAL CHEM, V461, P14 
	129 
	359 

	20. 
	215 
	Arico AS, 1999, J APPL ELECTROCHEM, V29, P671 
	68 
	68 

	21. 
	231 
	McNicol BD, 1999, J POWER SOURCES, V83, P15 
	55 
	133 

	22. 
	232 
	Scott K, 1999, J POWER SOURCES, V83, P204 
	43 
	107 

	23. 
	239 
	Heinzel A, 1999, J POWER SOURCES, V84, P70 
	73 
	205 

	24. 
	251 
	Arico AS, 2000, ELECTROCHIM ACTA, V45, P4319 
	40 
	61 

	25. 
	257 
	Ren XM, 2000, J ELECTROCHEM SOC, V147, P466 
	49 
	162 

	26. 
	262 
	Jordan LR, 2000, J POWER SOURCES, V86, P250 
	65 
	65 

	27. 
	274 
	Jordan LR, 2000, J APPL ELECTROCHEM, V30, P641 
	36 
	36 

	28. 
	353 
	Luo HX, 2001, ANAL CHEM, V73, P915 
	75 
	301 

	29. 
	354 
	Arico AS, 2001, APPL SURF SCI, V172, P33 
	49 
	51 

	30. 
	358 
	Neergat M, 2001, J APPL ELECTROCHEM, V31, P373 
	43 
	44 

	31. 
	368 
	Shukla AK, 2001, J ELECTROANAL CHEM, V504, P111 
	65 
	66 

	32. 
	390 
	Steigerwalt ES, 2001, J PHYS CHEM B, V105, P8097 
	43 
	114 

	33. 
	418 
	Li WZ, 2002, CARBON, V40, P791 
	48 
	109 

	34. 
	436 
	Steigerwalt ES, 2002, J PHYS CHEM B, V106, P760 
	44 
	113 

	35. 
	478 
	Wang JX, 2002, ANAL CHEM, V74, P1993 
	41 
	287 

	36. 
	517 
	Shukla AK, 2002, ELECTROCHIM ACTA, V47, P3401 
	36 
	36 

	37. 
	552 
	Gurau B, 2002, J POWER SOURCES, V112, P339 
	37 
	86 

	38. 
	561 
	Rajesh B, 2002, FUEL, V81, P2177 
	46 
	46 

	39. 
	616 
	Antolini E, 2003, MATER CHEM PHYS, V78, P563 
	43 
	111 

	40. 
	625 
	Rajesh B, 2003, J PHYS CHEM B, V107, P2701 
	58 
	58 

	41. 
	679 
	Li WZ, 2003, J PHYS CHEM B, V107, P6292 
	68 
	177 

	42. 
	739 
	Smitha B, 2003, J MEMBRANE SCI, V225, P63 
	36 
	36 

	43. 
	820 
	Ratnasamy P, 2004, J CATAL, V221, P455 
	41 
	41 

	44. 
	831 
	Wang C, 2004, NANO LETT, V4, P345 
	43 
	110 

	45. 
	833 
	Einsla BR, 2004, J POLYM SCI A-POLYM CHEM, V42, P862 
	45 
	45 

	46. 
	855 
	Shukla AK, 2004, J ELECTROANAL CHEM, V563, P181 
	37 
	37 

	47. 
	857 
	Dillon R, 2004, J POWER SOURCES, V127, P112 
	45 
	113 

	48. 
	862 
	Smitha B, 2004, MACROMOLECULES, V37, P2233 
	47 
	47 

	49. 
	977 
	Hickner MA, 2004, CHEM REV, V104, P4587 
	44 
	229 

	50. 
	1326 
	Smitha B, 2005, J MEMBRANE SCI, V259, P10 
	44 
	44 
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Fig, 3. The historiograph of fuel cells research in India based on global citation scores

Nodes: 50, Links: 93    GCS, top 50; Min: 82, Max: 725 (GCS scaled) 

	
	
	
	LCS 
	GCS 

	1. 
	17 
	PARSONS R, 1988, J ELECTROANAL CHEM, V257, P9 
	72 
	637 

	2. 
	27 
	VERBRUGGE MW, 1990, J ELECTROCHEM SOC, V137, P886 
	19 
	104 

	3. 
	33 
	VERBRUGGE MW, 1990, J ELECTROCHEM SOC, V137, P3770 
	9 
	82 

	4. 
	75 
	IWAHARA H, 1995, SOLID STATE IONICS, V77, P289 
	13 
	154 

	5. 
	97 
	Iwahara H, 1996, SOLID STATE IONICS, V86-8, P9 
	0 
	94 

	6. 
	98 
	Ravikumar MK, 1996, J ELECTROCHEM SOC, V143, P2601 
	169 
	169 

	7. 
	108 
	HeitnerWirguin C, 1996, J MEMBRANE SCI, V120, P1 
	19 
	199 

	8. 
	114 
	Arico AS, 1996, J ELECTROCHEM SOC, V143, P3950 
	44 
	102 

	9. 
	116 
	Radovic LR, 1997, CHEM PHYS CARB, V25, P243 
	0 
	205 

	10. 
	145 
	Hamnett A, 1997, CATAL TODAY, V38, P445 
	66 
	192 

	11. 
	153 
	Gotz M, 1998, ELECTROCHIM ACTA, V43, P3637 
	66 
	183 

	12. 
	154 
	Liu L, 1998, ELECTROCHIM ACTA, V43, P3657 
	49 
	88 

	13. 
	195 
	Britto PJ, 1999, ADVAN MATER, V11, P154 
	169 
	169 

	14. 
	197 
	Wasmus S, 1999, J ELECTROANAL CHEM, V461, P14 
	129 
	359 

	15. 
	231 
	McNicol BD, 1999, J POWER SOURCES, V83, P15 
	55 
	133 

	16. 
	232 
	Scott K, 1999, J POWER SOURCES, V83, P204 
	43 
	107 

	17. 
	239 
	Heinzel A, 1999, J POWER SOURCES, V84, P70 
	73 
	205 

	18. 
	257 
	Ren XM, 2000, J ELECTROCHEM SOC, V147, P466 
	49 
	162 

	19. 
	264 
	Collins PG, 2000, SCIENCE, V287, P1801 
	21 
	725 

	20. 
	299 
	Kelley SC, 2000, ELECTROCHEM SOLID STATE LETT, V3, P407 
	19 
	101 

	21. 
	315 
	Carrette L, 2000, CHEMPHYSCHEM, V1, P162 
	25 
	109 

	22. 
	318 
	Ajayan PM, 2001, TOP APPL PHYS, V80, P391 
	5 
	125 

	23. 
	325 
	Rolison DR, 2001, J MATER CHEM, V11, P963 
	0 
	97 

	24. 
	344 
	Nugent JM, 2001, NANO LETT, V1, P87 
	23 
	110 

	25. 
	353 
	Luo HX, 2001, ANAL CHEM, V73, P915 
	75 
	301 

	26. 
	372 
	Choi WC, 2001, J POWER SOURCES, V96, P411 
	28 
	94 

	27. 
	390 
	Steigerwalt ES, 2001, J PHYS CHEM B, V105, P8097 
	43 
	114 

	28. 
	418 
	Li WZ, 2002, CARBON, V40, P791 
	48 
	109 

	29. 
	419 
	Frackowiak E, 2002, CARBON, V40, P1775 
	8 
	104 

	30. 
	436 
	Steigerwalt ES, 2002, J PHYS CHEM B, V106, P760 
	44 
	113 

	31. 
	449 
	Wang JX, 2002, ELECTROANAL, V14, P225 
	20 
	93 

	32. 
	457 
	Jorissen L, 2002, J POWER SOURCES, V105, P267 
	32 
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	41. 
	679 
	Li WZ, 2003, J PHYS CHEM B, V107, P6292 
	68 
	177 

	42. 
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Fig.4. The historiograph of fuel cells research in China based on local citation scores

Nodes: 50, Links: 69     LCS, top 50; Min: 38, Max: 177 (LCS scaled) 
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	12. 
	309 
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	16. 
	446 
	Zhou ZH, 2003, CHEM COMMUN, P394 
	55 
	56 

	17. 
	495 
	Zhang X, 2003, CHEM MATER, V15, P451 
	99 
	100 

	18. 
	507 
	Li L, 2003, MATER LETT, V57, P1406 
	41 
	41 

	19. 
	512 
	Liu FQ, 2003, J MEMBRANE SCI, V212, P213 
	40 
	40 

	20. 
	513 
	Gao Y, 2003, J POLYM SCI A-POLYM CHEM, V41, P497 
	38 
	36 

	21. 
	549 
	Rajesh B, 2003, J PHYS CHEM B, V107, P2701 
	39 
	58 

	22. 
	565 
	Ma ZQ, 2003, J MEMBRANE SCI, V215, P327 
	38 
	38 

	23. 
	614 
	Yin Y, 2003, POLYMER, V44, P4509 
	61 
	61 

	24. 
	621 
	Li WZ, 2003, J PHYS CHEM B, V107, P6292 
	177 
	177 

	25. 
	691 
	Yu JR, 2003, J POWER SOURCES, V124, P40 
	49 
	49 

	26. 
	697 
	Prabhuram J, 2003, J PHYS CHEM B, V107, P11057 
	40 
	39 

	27. 
	714 
	Zhou WJ, 2003, APPL CATAL B-ENVIRON, V46, P273 
	101 
	101 

	28. 
	746 
	Li L, 2003, J MEMBRANE SCI, V226, P159 
	61 
	61 

	29. 
	753 
	Liang HP, 2004, ANGEW CHEM INT ED, V43, P1540 
	87 
	87 

	30. 
	755 
	Tang H, 2004, CARBON, V42, P191 
	59 
	60 

	31. 
	874 
	Liu ZL, 2004, LANGMUIR, V20, P181 
	66 
	75 

	32. 
	899 
	Wang C, 2004, NANO LETT, V4, P345 
	70 
	110 

	33. 
	902 
	Shao ZG, 2004, J MEMBRANE SCI, V229, P43 
	50 
	50 

	34. 
	906 
	Zhou WJ, 2004, J POWER SOURCES, V126, P16 
	44 
	44 

	35. 
	909 
	Chan KY, 2004, J MATER CHEM, V14, P505 
	65 
	66 

	36. 
	910 
	Lu GQ, 2004, ELECTROCHIM ACTA, V49, P821 
	47 
	70 

	37. 
	934 
	Li WZ, 2004, ELECTROCHIM ACTA, V49, P1045 
	59 
	60 

	38. 
	999 
	Gil M, 2004, J MEMBRANE SCI, V234, P75 
	61 
	61 

	39. 
	1012 
	Zhou WJ, 2004, J POWER SOURCES, V131, P217 
	40 
	40 

	40. 
	1059 
	He ZB, 2004, MATER CHEM PHYS, V85, P396 
	49 
	49 

	41. 
	1188 
	Lamy C, 2004, ELECTROCHIM ACTA, V49, P3901 
	54 
	65 

	42. 
	1199 
	Hickner MA, 2004, CHEM REV, V104, P4587 
	94 
	229 

	43. 
	1201 
	Wang CY, 2004, CHEM REV, V104, P4727 
	49 
	112 

	44. 
	1207 
	He ZB, 2004, DIAM RELAT MATER, V13, P1764 
	48 
	48 

	45. 
	1289 
	Guo DJ, 2004, J ELECTROANAL CHEM, V573, P197 
	40 
	40 

	46. 
	1355 
	Xing YC, 2004, J PHYS CHEM B, V108, P19255 
	59 
	73 

	47. 
	1359 
	Girishkumar G, 2004, J PHYS CHEM B, V108, P19960 
	43 
	61 

	48. 
	1531 
	Yang H, 2005, J POWER SOURCES, V139, P79 
	43 
	43 

	49. 
	1655 
	Gasteiger HA, 2005, APPL CATAL B-ENVIRON, V56, P9 
	54 
	130 

	50. 
	2879 
	Liu HS, 2006, J POWER SOURCES, V155, P95 
	45 
	52 


China Fuel Cells - GCS

[image: image5.png]w9 (2

1999 (&

2001

2003

2005




Fig. 5. The historiograph of fuel cells research in China based on global citation scores 

Nodes: 50, Links: 38      GCS, top 50; Min: 61, Max: 484 (GCS scaled) 
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Abstract

We have examined the contributions made by Prof. C N R Rao to the literature of nanoscience and the impact of his work in this area using publication and citation data obtained from Web of Science. We have made a bibliometric analysis of the 195 papers he has published in nanoscience (till 21 January 2008) and constructed two historiographs based on local and global citation scores of more than 4,200 papers forming the C N R Rao nano collection. The two key findings are: (1) C N R Rao is a major contributor to the area of preparation of nano materials, and (2) virtually all the influence his nano research has is within the domain of nano science.  
Introduction                                                                                                                    Prof. C N R Rao is not only one of the most prolific publishing researchers in India today but also a highly cited author. A quick Web of Science search (done on 17 March 2008) shows that he has authored 1360 papers so far, and these have been cited 31,307 times for an average of over 23 citations per paper; 179 of his papers have been cited at least 50 times and 80 of his papers have been cited 80 times or more often. Fifty of his papers have been cited at least 100 times, 11 of his papers have been cited at least 200 times, three of his papers have been cited at least 300 times and one paper has been cited more than 400 times. Since 1983 he has published more than 1,000 papers till mid-March 2008, for an average of 40 papers annually. 
Rao is a Fellow of many science academies including all the three science academies in India, TWAS, and the Royal Society and a foreign associate of the National Academy of Sciences, USA. His research interests cover a wide range and include physical chemistry, materials science, solid state chemistry, condensed matter physics, spectroscopy and molecular structure. He started his career working on spectra and structure of molecules, but slowly moved almost entirely to solid state and materials chemistry, surface science and related areas. His present interests are mainly in phenomena and properties exhibited by transition metal oxide systems (high temperature superconductivity, colossal magnetoresistance, and metal-insulation transitions), synthesis and characterization of designer solids with novel structures and properties, making nanoparticles and nanoparticle assemblies, open framework structures and porous solids. He uses structural tools, especially various spectroscopies and X-ray crystallography, extensively.1 
Rao follows developments around the world and is quick to initiate quality research in emerging research fronts. Despite holding some of the most coveted managerial positions such as the Chairman of the Science Advisory Council to the Prime Minister (now) and Director of prestigious institutions such as the Jawaharlal Nehru Centre for Advanced Scientific Research and the Indian Institute of Science (earlier),1 he has always devoted considerable amount of time for his own and his students’ research and continues to do so even when he is past 73. His energy and commitment to science are undoubtedly of a high order. For example, while he was visiting Santa Barbara as a distinguished visiting professor, the chairman of the department commented that Rao would visit for a month or so but would finish a year’s work (G Baskaran, personal communication). Thanks to his stature and reputation, students from all parts of the country join Rao in large numbers for their doctoral and postdoctoral studies, reinforcing his and his group’s ability to continue to publish a large number of papers. Many of his students have gone on to hold high positions such as directors of important laboratories and professors in universities both within and outside India. Also, he collaborates with a number of overseas scientists. 
In the mid 1990s, Rao started work in the area of nanoscience and has published 195 papers till now, as revealed by a search of Web of Science on 21 January 2008. With a view to placing Rao’s nanoscience work in perspective, we have made a HistCite analysis of his work in the area of nanoscience. HistCite, developed recently by Garfield and colleagues, enables one to see the historical evolution of research – be it an individual’s research or nation’s research output as a whole or a research front – through citation links among highly cited papers in a knowledge domain.2,3 Garfield has made many HistCite analyses.4 Before we present the results of the HistCite analysis, let us present a quick bibliometric analysis of nano research by Rao. 

Bibliometric analysis

Drawing on a comprehensive dataset of global nanotechnology publications, Youtie et al. have presented an analysis of the quality and quantity of nanotechnology research in leading countries of the world.5   India did not find a place in this analysis. A quick Web of Science search (on 2 March 2008) shows that only five Indians have published more than 100 papers in this field. In China, there are two researchers who have published more than 600 papers, four researchers with more than 500 papers and a dozen researchers with more than 400 papers. Fifty-nine South Korean researchers and five Taiwanese researchers have published more than 100 papers in this field. It is the ambition of men like Prof. Rao to correct this imbalance and win for India its rightful place. It is for this reason he had persuaded the Government of India to invest huge sums of money on nanoscience and nanotechnology research and to set up several new state-of-the-art laboratories. 

Search strategy: We searched the latest version of Web of Science using Rao CNR as author and [nano* NOT NaNO2 NOT NaNO3 NOT nanosecond] as the topic. We did not restrict the period. We found 195 records and made a quick check to confirm that all of them are by the same person.  

Chronology: Rao first started publishing in this field, as seen from Web of Science, in 1994 (four papers). He followed it up with four papers in 1995, seven in 1996, 12 in 1997, five in 1998, eight in 1999, and 10 in 2000. Later on the annual output of papers increased dramatically: 20 in 2001, 22 in 2002, 17 in 2003, 19 in 2004, 20 in 2005, 21 in 2006 and 24 in 2007. 

Document types: The 195 documents authored by Rao include176 articles, 11 reviews, 3 letters, 1 note, 2 editorial materials, 1 meeting abstract and 1 correction.

Subject areas: Web of Science classifies papers under a large number of subjects based on the journal in which a paper appears. Journals are often assigned to more than one subject. Rao’s papers on nanoscience have been classified by Web of Science as follows: Physical chemistry 98, Materials science, multidiciplinary 71, Chemistry, multidisciplinary 48, Physics, condensed matter 38, Physics, atomic, molecular and chemical 37, Physics, applied 31, Nanoscience & nanotechnology 20, Chemistry, inorganic and nuclear 11, and five or less in seven other subjects.

Coauthors, collaborating institutions and countries: Rao has had more than a hundred coauthors in the 195 nano papers he has written so far. Those who have coauthored with him include A Govindaraj (in 90 papers), G U Kulkarni (26), F L Deepak (24), B C Satishkumar (21), G Gundiah (18), M Nath (18) R Sen (18), A K Sood (18), P J Thomas (16), S R C Vivekchand (14), U K Gautam (13), K Biswas (11), M Ghosh (10), R Seshadri (9), and W Agarwal, A K Cheetham, K Sardar, G N Subbanna and K P Kalyanikutty (7 each). Rao’s coauthors have come from more than 25 institutions, and these include Jawaharlal Nehru Centre for Advanced Scientific Research (151 papers), Indian Institute of Science (116), University of California at Santa Barbara (9), and Bhabha Atomic Research Centre (4). Rao has coauthors in many overseas laboratories and these include University of Birmingham, University of Toulouse, Weizmann Institute of Science, Shinshu University, Sincrotrone Trieste SCPA, Tel Aviv University, University of California Berkeley, University of Missouri, University of Paris 06, University of Paris 07, and University Paul Sabatier. Rao’s coauthors in his nanoscience papers come from seven countries, viz. India (more than 190 papers), USA (10), France (4), Israel (3), England (2), Italy (2), and Japan (1). 

Journals used: The 195 papers of Rao have appeared in 33 sources. We give here the number of papers in different journals and the impact factors of those journals as seen from Journal Citation Reports 2006: Chemical Physics Letters (32; IF = 2.462 ), Journal of Materials Chemistry (23; 4.287), Journal of Nanoscience and Nanotechnology (14; 2.194), Journal of Physical Chemistry B (11; 4.116), Pure and Applied Chemistry (8; 1.920), Chemical Communications (7; 4.521), Advanced Materials (5; 7.886 ), Chemistry of Materials (5; 5.104), Journal of Materials Research (5; 2.354), Materials Research Bulletin (5; 1.383 ), Applied Physics Letters (4; 3.977 ), Current Science (4; 0.737), Solid State Communications (4; 1.556), and Solid State Sciences (4; 1.752 ).

Citations: The 195 papers of Rao have received 5,855 citations (Web of Science search made on 21 January 2008), for an average of 30 citations per paper. Forty-four of these papers have been cited 44 times or more [h-index = 44]. One paper [published in ChemPhysChem 2001] has been cited 259 times and another [published in Progress in Solid State Chemistry 2003] has been cited 229 times so far. In all, six papers have been cited 150 times or more, 10 papers have been cited 125 times or more, 18 papers have been cited 100 times or more, 28 papers have been cited 75 times or more, 38 papers have been cited 50 times or more and 50 papers have been cited 30 times or more.

In reality, the number of citations may be slightly larger. As Rao’s initials have three characters, the probability of citing authors making an error is high, and we have noticed that sometimes his work has been cited referring to him as C N Rao, for example. We have not made an attempt to correct such erroneous citations in this analysis. 

Rao’s nanoscience papers have won on an average a larger number of citations than his other papers. 

The knowledge network of Rao’s nano research

To see Rao’s work in the field of nanoscience in perspective and to identify the knowledge domain within which Rao’s work has evolved and which his work helped create to some extent we resorted to constructing citation networks using HistCite. First we downloaded bibliographic information on the 195 papers and all the papers in which the 5,855 citations to the 195 papers by Rao have occurred. As some of the papers might have cited more than one paper by Rao, the number reduced to 4,188 unique items. We then looked for all the references cited by the 195 papers by Rao and these 4,188 papers. The resulting rather large list of documents consisting of 4,226 records and 89,006 cited references constitutes the C N R Rao nano collection. It represents the intellectual neighbourhood or knowledge domain from which Rao has drawn knowledge to create his own work and to provide shoulders for others to stand upon. We exported this collection to HistCite and obtained the list of papers constituting the CNR Rao nano collection along with their local and global citation scores. This collection is shown in Table 1, where the first five papers with the highest number of global citation scores only are shown. Table 2 lists the collection but shows only the five papers with the highest local citation score. LCS denotes citations occurring in papers within the collection. GCS denotes citations occurring within the entire Web of Science (including the present collection). We constructed two historiographs, one of them based on the Local Citation Score (or LCS) and the other based on the Global Citation Score (or GCS). See Figures 1 and 2. The HistCite software takes a certain number (specified by us) of the most highly cited papers from the collection and constructs historiographs showing citation links among those papers. Garfield5 has carried out many HistCite analyses for both individual (and group of) researchers and for some research fronts. Earlier, we have made a HistCite analysis of fuel cell research in India and China.6 There the focus was on a topic and geographical regions. In this paper the focus is on an individual’s contribution to a specific field. 

First let us look at the historiograph based on GCS. Paper 68 by Sarathy et al. (1997) is cited by three later papers; paper 97 by Kasuga is cited by five other highly cited papers; paper 213 by Nikolaev published in 1999 is cited by seven papers; paper 266 by Colomer (2000) is cited by four others; paper 316 by Han (2000) is cited by four others; and paper 427 by Rao and colleagues (2001) is cited by four others. Out of the fifty most globally cited papers in the Rao nano collection six papers are by Rao and colleagues. Three of them are original research papers and the other three are reviews. We list them in Table 3 giving paper number, first author, year, journal title, volume, page, LCS and GCS:

Paper 68 describes a method for the simple preparation of thiol derivatised nanoparticles of gold, silver and platinum. Paper 345 describes a simple pyrolysis procedure for producing Y-junction carbon nanotubes. The method involves the pyrolysis of the organometallic precursor, nickelocene, along with thiophene at 1273 K. Tunneling conductance measurements showed that at the Y junction, the I-V characteristics were asymmetric with respect to zero bias as in a junction diode. Both these papers are original research papers. 

Papers 251, 427 and 1027 are reviews. In paper 251 Rao reviews the physical and chemical methods of preparing metal nanoparticles of different sizes and the size-dependent metal-nonmetal transition. Also described is the organization of thiol-capped metal nanoparticles into one-, two- and three-dimensional structures for potential application in nanodevices. In paper 427 Rao discusses important aspects related to the synthesis, structure, characterization, and mechanism of formation of multi-walled and single-walled carbon nanotubes, and reviews important electronic, mechanical, hydrogen storage, and other properties of the nanotubes. Doping, as well as other chemical manipulations with boron and nitrogen, to bring about significant changes in the properties of the nanotubes is also discussed. Paper 1027 describes the synthesis, structure and properties of nanowires of various inorganic materials, which include elements, oxides, nitrides, carbides and chalcogenides. By and large, Rao appears to be the sole author of his review articles in this field, but he has coauthors in his original research papers – mostly youngsters who carry out experimental work. Overall, Rao has written 43 reviews since 1983, 38 of them with coauthors.

The 2004 paper (1414) by Rao, Natarajan and Vaidyanathan is not a mainstream nanoscience paper and does not form part of the 195 papers of Rao considered here. It is about metal carboxylates and open architecture. Not surprisingly, it is cited 426 times overall, but only two times in the nanoscience domain. In contrast, the other five papers in Table 1 seem to have hardly any impact outside the domain of nanoscience research, with all their citations coming from within the nano domain. [Note that for paper 427 the LCS is smaller than GCS; this is an artifact and needs to be examined. As LCS is a subset of GCS, LCS cannot be larger than GCS.] 

The historiograph based on the top 50 globally cited papers in the Rao nano collection has 44 papers written by others. In the interest of brevity we list only a few of them in Table 4.

In all these ten papers we notice, unlike in the case of Rao’s papers (in both the LCS and GCS-based hisoriographs), a very large difference between the local and the global citation scores, implying that these papers have considerable impact far beyond the core field that we built from the 195 nanoscience papers of Rao. 

We notice two large circles, papers 1107 and 1481. Both are review articles and they quote many articles but are quoted only moderately by other highly cited nanoscience-related papers. Paper 1107 by Xia is a comprehensive review of one-dimensional nanostructures and deals with synthetic strategies and anisotropic growth dictated by different factors, techniques of preparing heterostructured nanowires, and properties of 1-D nanostructures. Xia concludes with personal perspectives on future research directions in this field. Paper 1481 by Daniel reviews the assembly, supramolecular chemistry, quantum-size-related properties, and biological, catalytic and nanotechnology applications of gold nanoparticles. The Xia paper is quoted globally 1,640 times and within the CNR Rao nano collection only 293 times. The Daniel paper is cited 1,074 times globally but only 64 times within the CNR Rao nano knowledge domain. 

The historiograph based on LCS has 50 nodes of which 36 are papers by Rao and colleagues and only 14 are from others, revealing the dominant role played by Rao in the area of preparation of nano materials. In fact 14 of the earliest 15 papers in this historiograph are from Rao’s laboratory. Among these 14 many of them have been cited well by the other highly cited papers in this historiograph. Papers 13,  38 and 95 are cited by seven other highly cited papers each, papers 62, 102 and 239 are cited five times each, papers 68 and 104 are cited four times, and paper 58 is cited eight times by later papers in this historiograph.  Paper 469 is cited six times. Here again we note that virtually all the impact of Rao’s papers are felt within the nano area. In all the other papers, and especially in papers by Xia (1107), Daniel (1481), Shipway (320) and Kasuga (97 and 206), we note a very large difference between LCS and GCS, indicating their influence beyond the nano domain. 

The review paper (No. 427) by Rao has quoted 21 earlier papers in the LCS historiograph as against five in the GCS historiograph. Another review by Rao (No. 1027) cites eight papers in the LCS historiograph and only three in the GCS historiograph. Paper 1107 by Xia cites four papers in the LCS historiograph and seven in the GCS historiograph.  

It is work that has influence beyond its core domain that determines the extent of recognition one wins. Multidisciplinary journals such as Nature and Science expect papers they accept for publication to have an impact on fields far removed from the main discipline.
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Table 1: CNR Rao Nano collection of papers arranged by global citation score; only the first five items are shown

	CNR Rao Nano Collection 
	
	Grand Totals: LCS 17664, GCS 70926; Collection span: 1994 - 2008


XRecords: 4226, Authors: 9345, Journals: 487, Cited References: 89006, Words: 5775 Top of Form

[image: image6.wmf]


	# 
	LCR 
	CR 
	Date / Author / Journal 
	LCS 
	GCS 

	1 
	16 
	399 
	1107 Xia YN, Yang PD, Sun YG, Wu YY, Mayers B, et al. 

One-dimensional nanostructures: Synthesis, characterization, and applications
ADVANCED MATERIALS. 2003 MAR 4; 15 (5): 353-389 
	293 
	1640 

	2 
	44 
	846 
	1481 Daniel MC, Astruc D 

Gold nanoparticles: Assembly, supramolecular chemistry, quantum-size-related properties, and applications toward biology, catalysis, and nanotechnology
CHEMICAL REVIEWS. 2004 JAN; 104 (1): 293-346 
	64 
	1074 

	3 
	8 
	435 
	320 Shipway AN, Katz E, Willner I 

Nanoparticle arrays on surfaces for electronic, optical, and sensor applications
CHEMPHYSCHEM. 2000 AUG 4; 1 (1): 18-52 
	58 
	618 

	4 
	3 
	15 
	213 Nikolaev P, Bronikowski MJ, Bradley RK, Rohmund F, Colbert DT, et al. 

Gas-phase catalytic growth of single-walled carbon nanotubes from carbon monoxide
CHEMICAL PHYSICS LETTERS. 1999 NOV 5; 313 (1-2): 91-97 
	120 
	597 

	5 
	34 
	939 
	2214 Burda C, Chen XB, Narayanan R, El-Sayed MA 

Chemistry and properties of nanocrystals of different shapes
CHEMICAL REVIEWS. 2005 APR; 105 (4): 1025-1102 
	41 
	442 


Table 2 - CNR Rao Nano collection of papers arranged by local citation score; only the first five items are shown 

	CNR Rao Nano Collection 
	
	Grand Totals: LCS 17664, GCS 70926:  Collection span: 1994 - 2008


XRecords: 4226, Authors: 9345, Journals: 487, Cited References: 89006, Words: 5775 Top of Form
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	# 
	LCR 
	CR 
	Date / Author / Journal 
	LCS 
	GCS 

	1 
	16 
	399 
	1107 Xia YN, Yang PD, Sun YG, Wu YY, Mayers B, et al. 

One-dimensional nanostructures: Synthesis, characterization, and applications
ADVANCED MATERIALS. 2003 MAR 4; 15 (5): 353-389 
	293 
	1640 

	2 
	39 
	296 
	427 Rao CNR, Satishkumar BC, Govindaraj A, Nath M 

Nanotubes
CHEMPHYSCHEM. 2001 FEB 16; 2 (2): 78-105 
	261 
	259 

	3 
	60 
	517 
	1027 Rao CNR, Deepak FL, Gundiah G, Govindaraj A 

Inorganic nanowires
PROGRESS IN SOLID STATE CHEMISTRY. 2003; 31 (1-2): 5-147 
	229 
	229 

	4 
	5 
	50 
	251 Rao CNR, Kulkarni GU, Thomas PJ, Edwards PP 

Metal nanoparticles and their assemblies
CHEMICAL SOCIETY REVIEWS. 2000 JAN; 29 (1): 27-35 
	176 
	176 

	5 
	0 
	11 
	345 Satishkumar BC, Thomas PJ, Govindaraj A, Rao CNR 

Y-junction carbon nanotubes
APPLIED PHYSICS LETTERS. 2000 OCT 16; 77 (16): 2530-2532 
	162 
	162 


Table 3. Rao’s papers in the GCS historiograph [six out of 50]

	Paper
	First author
	Year
	Journal
	Vol.
	Page
	LCS
	GCS

	68
	Sarathy KV
	1997
	J Phys Chem B
	101
	9876
	158
	158

	251
	Rao CNR
	2000
	Chem Soc Rev
	29
	27
	176
	176

	345
	Satishkumar BC
	2000
	Appl Phys Lett
	77
	2530
	162
	162

	427
	Rao CNR
	2001
	ChemPhysChem
	2
	78
	261
	259

	1027
	Rao CNR
	2003
	Prog Solid State Chem
	31
	5
	229
	229

	1414
	Rao CNR
	2004
	Angew Chem Int Ed
	43
	1466
	2
	426


Table 4. Selected papers written by others found in the GCS historiograph

	Paper
	First author
	Year
	Journal
	Vol.
	Page
	LCS
	GCS

	97
	Kasuga T
	1998
	Langmuir
	14
	3160
	85
	421

	167
	Teranishi T
	1999
	J Phys Chem B
	108
	3818
	32
	165

	168
	Mickelson ET
	1999
	J Phys Chem B
	103
	4318
	32
	183

	191
	Cassell AM
	1999
	J Phys Chem B
	103
	6484
	85
	313

	206
	Kasuga T
	1999
	Advanced Materials
	11
	1307
	57
	327

	213
	Nikolayev P
	1999
	Chem Phys Lett
	313
	91
	120
	597

	266
	Colomer JF
	2000
	Chem Phys Lett
	317
	83
	61
	193

	298
	Su M
	2000
	Chem Phys Lett
	322
	321
	65
	175

	316
	Han YJ
	2000
	Chem Mater
	12
	2068
	47
	304

	320
	Shipway AN
	2000
	ChemPhysChem
	1
	18
	58
	618
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Fig.1 – Historiograph of C N R Rao’s nano research based on local citation scores.

Nodes: 50, Links: 135
LCS, top 50; Min: 54, Max: 293 (LCS scaled) 

	No.
	Node
	Paper
	LCS 
	GCS 

	1. 
	13 
	RAO CNR, 1995, MAT SCI ENG R, V15, P209 
	76 
	76 

	2. 
	38 
	Satishkumar BC, 1996, J PHYS-B-AT MOL OPT PHYS, V29, P4925 
	80 
	80 

	3. 
	40 
	Satishkumar BC, 1996, J PHYS-D-APPL PHYS, V29, P3173 
	86 
	86 

	4. 
	52 
	Ayyappan S, 1997, J MATER RES, V12, P398 
	58 
	58 

	5. 
	54 
	Satishkumar BC, 1997, J MATER RES, V12, P604 
	150 
	150 

	6. 
	57 
	Sarathy KV, 1997, CHEM COMMUN, P537 
	105 
	96 

	7. 
	58 
	Sen R, 1997, CHEM PHYS LETT, V267, P276 
	139 
	139 

	8. 
	62 
	Rao CNR, 1997, CHEM COMMUN, P1581 
	97 
	95 

	9. 
	64 
	Sen R, 1997, CHEM MATER, V9, P2078 
	62 
	62 

	10. 
	68 
	Sarathy KV, 1997, J PHYS CHEM B, V101, P9876 
	158 
	158 

	11. 
	70 
	Sen R, 1997, J MATER CHEM, V7, P2335 
	54 
	53 

	12. 
	95 
	Sen R, 1998, CHEM PHYS LETT, V287, P671 
	144 
	144 

	13. 
	97 
	Kasuga T, 1998, LANGMUIR, V14, P3160 
	85 
	421 

	14. 
	102 
	Rao CNR, 1998, CHEM COMMUN, P1525 
	113 
	113 

	15. 
	104 
	Satishkumar BC, 1998, CHEM PHYS LETT, V293, P47 
	115 
	115 

	16. 
	138 
	Rao CNR, 1999, J MATER CHEM, V9, P1 
	55 
	55 

	17. 
	141 
	Sarathy KV, 1999, J PHYS CHEM B, V103, P399 
	66 
	66 

	18. 
	142 
	Flahaut E, 1999, CHEM PHYS LETT, V300, P236 
	110 
	110 

	19. 
	154 
	Andrews R, 1999, CHEM PHYS LETT, V303, P467 
	121 
	354 

	20. 
	158 
	Eswaramoorthy M, 1999, CHEM PHYS LETT, V304, P207 
	75 
	75 

	21. 
	176 
	Terrones M, 1999, ADVAN MATER, V11, P655 
	77 
	114 

	22. 
	184 
	Satishkumar BC, 1999, CHEM PHYS LETT, V307, P158 
	75 
	75 

	23. 
	191 
	Cassell AM, 1999, J PHYS CHEM B, V103, P6484 
	85 
	313 

	24. 
	206 
	Kasuga T, 1999, ADVAN MATER, V11, P1307 
	57 
	327 

	25. 
	213 
	Nikolaev P, 1999, CHEM PHYS LETT, V313, P91 
	120 
	597 

	26. 
	220 
	Terrones M, 1999, APPL PHYS LETT, V75, P3932 
	63 
	104 

	27. 
	239 
	Satishkumar BC, 2000, J MATER CHEM, V10, P2115 
	120 
	120 

	28. 
	251 
	Rao CNR, 2000, CHEM SOC REV, V29, P27 
	176 
	176 

	29. 
	253 
	Govindaraj A, 2000, CHEM MATER, V12, P202 
	115 
	115 

	30. 
	266 
	Colomer JF, 2000, CHEM PHYS LETT, V317, P83 
	61 
	193 

	31. 
	275 
	Mishra SR, 2000, CHEM PHYS LETT, V317, P510 
	62 
	62 

	32. 
	298 
	Su M, 2000, CHEM PHYS LETT, V322, P321 
	65 
	175 

	33. 
	299 
	Nath M, 2000, CHEM PHYS LETT, V322, P333 
	73 
	73 

	34. 
	320 
	Shipway AN, 2000, CHEMPHYSCHEM, V1, P18 
	58 
	618 

	35. 
	345 
	Satishkumar BC, 2000, APPL PHYS LETT, V77, P2530 
	162 
	162 

	36. 
	393 
	Rao CNR, 2001, J MATER CHEM, V11, P2887 
	134 
	134 

	37. 
	427 
	Rao CNR, 2001, CHEMPHYSCHEM, V2, P78 
	261 
	259 

	38. 
	428 
	Nath M, 2001, ADVAN MATER, V13, P283 
	107 
	107 

	39. 
	445 
	Rao CNR, 2001, APPL PHYS LETT, V78, P1853 
	116 
	116 

	40. 
	469 
	Nath M, 2001, J AM CHEM SOC, V123, P4841 
	125 
	125 

	41. 
	590 
	Patzke GR, 2002, ANGEW CHEM INT ED, V41, P2446 
	150 
	400 

	42. 
	591 
	Nath M, 2002, ANGEW CHEM INT ED, V41, P3451 
	76 
	76 

	43. 
	659 
	Rao CNR, 2002, CHEM-EUR J, V8, P29 
	78 
	78 

	44. 
	663 
	Gundiah G, 2002, CHEM PHYS LETT, V351, P189 
	97 
	97 

	45. 
	692 
	Deepak FL, 2002, CHEM PHYS LETT, V353, P345 
	56 
	56 

	46. 
	988 
	Rao CNR, 2003, DALTON TRANS, P1 
	126 
	121 

	47. 
	1027 
	Rao CNR, 2003, PROG SOLID STATE CHEM, V31, P5 
	229 
	229 

	48. 
	1107 
	Xia YN, 2003, ADVAN MATER, V15, P353 
	293 
	1640 

	49. 
	1481 
	Daniel MC, 2004, CHEM REV, V104, P293 
	64 
	1074 

	50. 
	1819 
	Remskar M, 2004, ADVAN MATER, V16, P1497 
	59 
	89
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Fig.2 – Historiograph of C N R Rao’s nano research based on global citation scores.

Nodes: 50, Links: 82
GCS, top 50; Min: 158, Max: 1640 (GCS scaled) 

	No.
	Node
	Paper
	LCS 
	GCS 

	1. 
	65 
	Ajayan PM, 1997, REP PROGR PHYS, V60, P1025 
	39 
	214 

	2. 
	68 
	Sarathy KV, 1997, J PHYS CHEM B, V101, P9876 
	158 
	158 

	3. 
	97 
	Kasuga T, 1998, LANGMUIR, V14, P3160 
	85 
	421 

	4. 
	106 
	Balch AL, 1998, CHEM REV, V98, P2123 
	8 
	231 

	5. 
	154 
	Andrews R, 1999, CHEM PHYS LETT, V303, P467 
	121 
	354 

	6. 
	155 
	Tang BZ, 1999, MACROMOLECULES, V32, P2569 
	30 
	208 

	7. 
	167 
	Teranishi T, 1999, J PHYS CHEM B, V103, P3818 
	32 
	165 

	8. 
	168 
	Mickelson ET, 1999, J PHYS CHEM B, V103, P4318 
	32 
	183 

	9. 
	191 
	Cassell AM, 1999, J PHYS CHEM B, V103, P6484 
	85 
	313 

	10. 
	206 
	Kasuga T, 1999, ADVAN MATER, V11, P1307 
	57 
	327 

	11. 
	213 
	Nikolaev P, 1999, CHEM PHYS LETT, V313, P91 
	120 
	597 

	12. 
	242 
	Hartley JH, 2000, J CHEM SOC PERKIN TRANS 1, P3155 
	0 
	161 

	13. 
	251 
	Rao CNR, 2000, CHEM SOC REV, V29, P27 
	176 
	176 

	14. 
	266 
	Colomer JF, 2000, CHEM PHYS LETT, V317, P83 
	61 
	193 

	15. 
	298 
	Su M, 2000, CHEM PHYS LETT, V322, P321 
	65 
	175 

	16. 
	316 
	Han YJ, 2000, CHEM MATER, V12, P2068 
	47 
	304 

	17. 
	320 
	Shipway AN, 2000, CHEMPHYSCHEM, V1, P18 
	58 
	618 

	18. 
	345 
	Satishkumar BC, 2000, APPL PHYS LETT, V77, P2530 
	162 
	162 

	19. 
	427 
	Rao CNR, 2001, CHEMPHYSCHEM, V2, P78 
	261 
	259 

	20. 
	429 
	Malinsky MD, 2001, J AM CHEM SOC, V123, P1471 
	6 
	219 

	21. 
	462 
	Pileni MP, 2001, J PHYS CHEM B, V105, P3358 
	26 
	229 

	22. 
	481 
	Bronikowski MJ, 2001, J VAC SCI TECHNOL A, V19, P1800 
	30 
	239 

	23. 
	525 
	Jana NR, 2001, ADVAN MATER, V13, P1389 
	29 
	218 

	24. 
	532 
	Ferey G, 2001, CHEM MATER, V13, P3084 
	5 
	260 

	25. 
	575 
	Vayssieres L, 2001, CHEM MATER, V13, P4395 
	21 
	222 

	26. 
	589 
	Hirsch A, 2002, ANGEW CHEM INT ED, V41, P1853 
	49 
	426 

	27. 
	590 
	Patzke GR, 2002, ANGEW CHEM INT ED, V41, P2446 
	150 
	400 

	28. 
	678 
	Sun YG, 2002, NANO LETT, V2, P165 
	49 
	270 

	29. 
	708 
	Dai HJ, 2002, SURFACE SCI, V500, P218 
	30 
	290 

	30. 
	734 
	Wei BQ, 2002, NATURE, V416, P495 
	37 
	205 

	31. 
	783 
	Sun YG, 2002, ADVAN MATER, V14, P833 
	32 
	247 

	32. 
	807 
	Maruyama S, 2002, CHEM PHYS LETT, V360, P229 
	32 
	213 

	33. 
	834 
	Kamat PV, 2002, J PHYS CHEM B, V106, P7729 
	28 
	373 

	34. 
	860 
	Chen Q, 2002, ADVAN MATER, V14, P1208 
	22 
	177 

	35. 
	868 
	Roucoux A, 2002, CHEM REV, V102, P3757 
	50 
	301 

	36. 
	900 
	Sun YG, 2002, CHEM MATER, V14, P4736 
	20 
	211 

	37. 
	926 
	Dai HJ, 2002, ACCOUNT CHEM RES, V35, P1035 
	36 
	292 

	38. 
	955 
	van Bommel KJC, 2003, ANGEW CHEM INT ED, V42, P980 
	21 
	212 

	39. 
	1027 
	Rao CNR, 2003, PROG SOLID STATE CHEM, V31, P5 
	229 
	229 

	40. 
	1035 
	Dai ZR, 2003, ADV FUNCT MATER, V13, P9 
	39 
	253 

	41. 
	1107 
	Xia YN, 2003, ADVAN MATER, V15, P353 
	293 
	1640 

	42. 
	1109 
	Busbee BD, 2003, ADVAN MATER, V15, P414 
	12 
	177 

	43. 
	1182 
	Sun XM, 2003, CHEM-EUR J, V9, P2229 
	22 
	174 

	44. 
	1344 
	Serp P, 2003, APPL CATAL A-GEN, V253, P337 
	18 
	190 

	45. 
	1414 
	Rao CNR, 2004, ANGEW CHEM INT ED, V43, P1466 
	2 
	426 

	46. 
	1481 
	Daniel MC, 2004, CHEM REV, V104, P293 
	64 
	1074 

	47. 
	1800 
	Cushing BL, 2004, CHEM REV, V104, P3893 
	30 
	260 

	48. 
	1985 
	Rowsell JLC, 2005, ANGEW CHEM INT ED, V44, P4670 
	2 
	232 

	49. 
	2214 
	Burda C, 2005, CHEM REV, V105, P1025 
	41 
	442 

	50. 
	2865 
	Tasis D, 2006, CHEM REV, V106, P1105 
	13 
	164 


The science race continues in Asia

Subbiah Arunachalam

M S Swaminathan Research Foundation, Chennai 600 113, India

The geography of science, technology and innovation is changing. It is no longer the trio of the United States, Western Europe and Japan the only key players. Asia is emerging in a significant way. Not only China and India but also South Korea and Singapore are moving forward rapidly. The growth of science in these countries and investments in research made in Brazil and South Africa are leading to a new equilibrium in global science and technology. 

Indeed, China was a mere spec in the Atlas of Science a little less than two decades ago, but today China has overtaken Japan, UK, Germany and France to become second only to the United States in the number of scientific research papers produced annually, as seen from both the Web of Science and Scopus. See Table 1. As the Global R&D Report1 of Battelle and R&D Magazine points out, former Third World countries are assuming major roles in the sourcing and performance of R&D, and offshore outsourcing forces a more even distribution of effort throughout the world. In 2006, in terms of PPP (purchasing power parity) China was the second largest investor in R&D (gross domestic expenditure on R&D or GERD = 141.7 billion US dollars), and India the sixth (GERD = 38.85 billion US dollars). Of course, the United States continues to occupy the first position with a 2006 GERD of 343 billion US dollars (PPP). 

However, as the dollar is sinking and the Indian rupee is gaining in strength and cost of living in India is growing at a frenetic pace, India needs to invest a lot more in R&D, in terms of both funds and research personnel, to retain and hopefully improve its position. That is precisely the course India is opting for. At the annual meeting of the Indian Science Congress Association held in early January 2008, Prime Minister Manmohan Singh made several announcements that were manna for the science establishment. Apart from the three-fold increase in R&D investment recommended by the Planning Commission in its Eleventh Plan document, Mr Singh announced his government’s intention to set up five new Indian Institutes of Science Education and Research, eight new Indian Institutes of Technology, 20 new Indian Institutes of Information Technology, and 1,600 polytechnics. These initiatives, welcome as they are, have come two or three decades too late, says Prof. S S Krishnamurthy, one of India’s leading inorganic chemists. As pointed out by Dr T Ramasami, Secretary, Department of Science and Technology, Government of India, India is growing very slowly compared to global trends. India has a paltry 157 researchers for every million people as compared to 633 researchers per million people in China, 3,222 in Germany, 4,526 in USA, 5,085 in Japan, 5,171 in Sweden and 7,431 in Finland. The new institutions India is planning to set up will take at least a decade to make a difference and one is keen to see how they are going to meet the challenge of attracting good faculty. In the mean time it is likely that foreign companies may set up many more R&D centres in India and attract the cream of young Indian researchers.

The science race in Asia

In 2002, Current Science carried a short article showing that People’s Republic of China was racing ahead in science as seen from the number of papers published annually and indexed in Science Citation Index, Chemical Abstracts, PubMed and MathSciNet and science in India was stagnating.2 The article also showed that science was growing at a fast pace in South Korea and Brazil, even if not at the same pace as in China. The article was largely ignored by the nation’s science administrators. Indeed some feeble attempts were made to argue that what was said in the Current Science article was not true and that all was reasonably well with science in India.  

To be fair, a few years later both the immediate past president and the current president of INSA have said in private conversation that the 2002 Current Science article rang the alarm bell although corrective action did not follow immediately. It took some time for the fact to become widely acknowledged and its implications articulated. “The fact, however bitter, is that India’s contribution to science has come down enormously. We are not comparing ourselves to the US or Japan anymore, but to China and South Korea,” said Prof. C N R Rao in June 2004. In August 2006 the Science Advisory Council to the Prime Minister acknowledged in public that China was racing ahead in science and India was left far behind. The Chairman of the Council, Prof. C N R Rao  is reported to have written to the Prime Minister, “Indian science will be finished in the next five years. Our universities have dried up.” Fortunately, this time around the government, the science administrators and the media paid immediate and abundant attention. The government committed to increase funding for S&T research and it seems to have helped: Data on annual output of journal articles for recent years indicate a perceptible increase in the number of research papers from India. But as science in China has continued to grow at a much faster pace India is still going through a phase of relative decline. 

In Table 1, I present data on the number of documents from India, China, South Korea and Brazil and their citation rates from SCImago3 based on SCOPUS, a multidisciplinary database which indexes a larger number of Indian and world journals than the Science Citation Index Expanded part of the Web of Science (not necessarily a good thing for international comparisons of quality research output). India’s research output stood at 20,106 papers in 1996 for India to be ranked 13th in the world. With 22,578 papers, India advanced to the 12th rank in 1999. India held the 12th rank until 2004, and in 2005 India jumped to the 11th rank and in 2006 to the 10th rank. In these two years, the number of papers from India increased by 4,591 and 3,291 respectively. China started off on rank 9 in 1996, moved on to rank 8 in 1998, jumped to rank 6 in 2000, rank 5 in 2001, and rank 2 in 2004. Today China is second only to the USA in the total number of papers published annually. 

In Table 2, I give data on the numbers of papers published in 2006 by the top 15 countries and their citations per document. Between 2003 and 2004, China’s research output surged from 66,748 to 98,577 papers, a phenomenal 47% increase. The number rose by more than 50% to 148,221 in 2005 and then to 166,205 in 2006. Compared to China, India’s growth is rather modest. But when it comes to citations per paper, India has scored uniformly higher than China although way behind the G7 countries. 

During the 11 years when India moved up three ranks, from 13 to 10, South Korea moved eight ranks (from 20th in 1996 to 12th in 2006) and Brazil moved six ranks (from 21st with 8,477 documents to 15th with 25,266 documents). Both South Korea and Brazil have a much higher rate of citations per document than India. 

Let us now look at how India fares in selected areas of great current relevance relative to China and South Korea. In the field of fuel cells, as seen from Web of Science, during 2001-2007 researchers from India had published 374 papers compared to 2,017 from Chinese laboratories, 1,834 from Japanese laboratories, and 979 papers from South Korea. The United States was the obvious world leader with 3,865 papers. In the field of nanoscience and nanotechnology, in the two years 2006 and 2007, India had accounted for 3,446 papers compared to 18,112 papers from China, 8,476 from Japan and 5,121 from South Korea. The United States had accounted for 22,959 papers. Japan accounts for a very large number of patents. 

China is determined to do even better in the future. In its ‘Medium-to-Long Term Plan for Development of Science and Technology’ released in January 2006, China has articulated its resolve to become an innovation-oriented society by 2020 and a global leader in science and technology by 2050. Over the next 15 years, China plans to increase its investment in R&D from 1.23% of GDP in 2004 to 2.5% (of a much larger GDP) in 2020. The two goals set by China are to become one of the top five countries in the number of patents granted for inventions and for Chinese authors to be among the world’s most cited. 

Since 2002, the gap between China and India has increased considerably, despite a modest increase in India’s output of research papers. What is more even a small country like South Korea is catching up with India and doing better in some niche areas.  It is important at times like these to be alert to signals, from whichever quarters they may come from and act quickly and decisively. 

An American science policy analyst observed a year ago, “The real question is: Will India revise its research policy to compete head on with China? From the numbers, India has the demographics. It is a much younger society than either China or the USA, and has a much larger birth rate than either. It has the potential to be a major player in global S&T. It has a well-trained cadre of professionals. When I went to graduate school in the early-mid 60s, invariably the best students were those from India. Unfortunately, for India, most probably stayed in the USA. The raw materials are there; if India can only exploit them as China appears to be doing, they will become a force with which to be reckoned!”   

As Prof. C N R Rao keeps pointing out, a lot depends on our ability to attract bright young students to research, literally weaning them away from more lucrative avenues such as information technology and the stock market.  


This work was begun while I was visiting the National Institute of Advanced Studies, Bangalore, working on a project supported by the US Office of Naval Research. I thank Prof. S Ranganathan for inviting me to join the project. I am grateful to Prof. B Viswanathan of the National Centre for Catalysis Research, Indian Institute of Technology, Chennai, for providing Web of Science data, and to Prof. Félix de Moya of Grupo SCImago, University of Granada, Spain, for alerting me to the SCImago website.
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Table 1. Output of research papers from selected countries

	Year
	China
	India
	Sout Korea
	Brazil

	
	Doc
	Rank
	C/d
	Doc
	Rank
	C/d
	Doc
	Rank
	C/d 
	Doc
	Rank
	C/d

	1996
	26853
	9
	4.37
	20106
	13
	6.13
	9669
	20
	8.55
	8497
	21
	9.42

	1997
	29871
	9
	4.55
	20694
	13
	5.67
	11876
	16
	8.17
	10167
	20
	8.45

	1998
	31887
	8
	4.24
	19755
	13
	5.78
	11579
	16
	8.88
	10357
	20
	8.49

	1999
	36180
	8
	4.58
	22578
	12
	5.30
	14645
	16
	8.54
	12196
	18
	7.95

	2000
	42250
	6
	4.29
	22788
	12
	5.17
	16321
	15
	8.07
	12857
	17
	7.36

	2001
	55850
	5
	3.22
	23362
	12
	4.34
	17930
	14
	6.63
	12708
	19
	5.84

	2002
	55400
	5
	3.32
	24838
	12
	3.82
	18740
	14
	5.74
	14590
	16
	4.93

	2003
	66748
	5
	3.26
	28741
	12
	3.31
	23406
	14
	5.00
	16978
	17
	4.31

	2004
	98577
	2
	1.92
	30258
	12
	2.26
	27200
	14
	3.14
	18695
	18
	2.93

	2005
	148221
	2
	1.92
	34849
	11
	1.00
	32488
	13
	2.88
	21239
	17
	1.29

	2006
	166205
	2
	0.12
	38140
	10
	0.19
	34025
	12
	0.22
	25266
	15
	0.22

	1996-

2006
	758042
	5
	3.14
	286109
	12
	3.91
	217879
	14
	5.84
	163550
	18
	5.56


Source: SCImago Journal & Country Rank (based on data from SCOPUS), courtesy Prof. Félix de Moya of Grupo SCIMAGO, Spain.

Doc = Number of documents. C/d = Citations per document, computed for the 11-yeaar period. Note the decrease in value for later years. 

Table 2.  Research output of different countries in 2006 [Data from SCImago, courtesy Prof. Félix de Moya]

	Rank
	Country
	Doc
	Cit/doc

	1
	USA
	340,268
	0.56

	2
	China
	166,205
	0.12

	3
	UK
	107,528  
	0.50

	4
	Japan
	97,073    
	0.33

	5
	Germany
	95,310 
	0.50

	6
	France
	67,652
	0.44

	7
	Canada
	56,571
	0.49

	8
	Italy
	54,298
	0.43

	9
	Spain
	41,914
	0.37

	10
	India
	38,140
	0.19

	11
	Australia
	37,836
	0.45

	12
	S. Korea
	34,025
	0.22

	13
	Netherlands
	31,332
	0.59

	14
	Russian Fed.
	26,687
	0.17

	15
	Brazil
	25,266
	0.22


Cit/doc represents citations to 2006 papers in 2006.      

Report on meetings with Dr Eugene Garfield, Prof. Ronald Kostoff and Dr Bhakta Rath 

After the three-day meeting on Research Libraries in 2020 at Woodinville near Seattle (29 September – 2 October 2007) and a visit to Microsoft headquarters at Redmond to learn about developments on the anvil (3 October 2007), I took a low-fare red-eye flight to Philadelphia via Detroit. The flight arrived on time early in the morning of 4 October 2007. Dr Garfield and Mehr Mistry were there at the airport to receive me and we drove straight to the train station at 30th street and bought a ticket to Washington DC for me to go on 7 October and then went to Thomson-ISI in the City Science Centre district. We bought our breakfast and tea from the Pakistani vendor just in front of the ISI building and moved into Dr Garfield’s office on the third floor. 

Meeting with Dr Eugene Garfield and Mr Soren Paris
Dr Garfield showed me quickly the features of HistCite, the software developed by him for analyzing Web of Science data and explained how HistCite could construct almost instantly citation networks. Then we went home.

The next day, 5 October 2007, I met Soren Paris who is assisting Dr Garfield and spent about six hours with him almost continuously, except for a brief break to go to the Pakistani vendor to buy my lunch. Soren showed me how to use HistCite in conjunction with Web of Science. We wanted to look at the common intellectual forebears of G N Ramachandran’s group on the one hand and Watson, Crick, Rosalind Franklin and Perutz on the other. Both were interested in solving helical structures and one would expect that they would have drawn from a common set of past research papers. 

We used key words like collagen and helix to identify the relevant papers by Ramachandran and keywords like DNA and helix to identify the relevant papers of the other group. Soren was able to quickly identify the more than 30 earlier papers that both groups have cited in their own work and with the help of HistCite drew historiographs – showing citation links among those papers. Soren told me that this was the first time that HistCite was applied to finding the common intellectual ancestry of two different groups working on substantially different problems. 

At the end of the training session I had a fairly good appreciation of the software’s capabilities. Soren was kind enough to give me the beta version of HistCite. We ended the day with dinner at a downtown Italian restaurant and the premier of an opera. The music was divine. 6 October was a Saturday and we spent most of the day at home discussing, as friends meeting after a long time do. We talked about the possibility of Dr Garfield visiting India, and in particular Bangalore, in the centenary year of IISc. He was a bit reluctant, but I would like to pursue. 

The next day Dr Garfield dropped me at the train station well in time, but the train was late by an hour. I reached Washington DC where I was met by a nephew who himself had to go to Chicago in the evening. We drove to the home of a friend from my hometown, some forty miles away, where I stayed for the night. My nephew had downloaded from the net a map showing directions to reach Dr Ronald Kostoff’s office from a Metro station near my friend’s home. Very early in the morning my friend drove me to the Metro station and I took the day’s first train to Washington DC and with a little bit of searching found the building where Dr Kostoff’s office is located. The Security guy was reluctant to let me in as it happened to be a Sunday and I was holding a non-US passport. Dr Kostoff had to come down from his office and explain before I was allowed to get into the building. 

Meeting with Dr Ronald Kostoff

Dr Kostoff is an amazingly clearheaded man and knows what he wants. He is very well organized and his mind is uncluttered. His office is small and everything is neatly arranged. He explained to me in a little over two hours what he was trying to achieve. His major current interest is ‘literature-based discovery’. Years ago, in the mid-1980s, Prof. Don Swanson of the University of Chicago had done some pioneering work in this area. Purely from looking at published research papers, Swanson was able to connect migraine and magnesium as well as find a connection between fish oil and Raynauds syndrome. Now Kostoff has picked up the threads and has worked on cataract, Parkinson’s disease, multiple sclerosis and new opportunities in water purification. 

Kostoff’s technique involves identifying mainstream (state-of-the-art) literature being used in practice, zeroing in on the core literature and expanding the core literature to related literature. He uses some specially developed algorithms such as Couto (University of Minnesoto), SpaceTree (University of Maryland), Vantage Point (Search Technology, Norcross, Georgia). Kostff has merged the three using some codes. 

For example, Science Citation Index, expanded edition, has indexed 46,819 papers with an Indian address in the two years 2005 and 2006. Kostoff downloads all of these with abstracts (as Couto works only with records with abstracts), classifies them into 256 elemental clusters, and clubs them in steps into 128, 64, 32, 16, 8, 4, 2 and 1 using what he calls weighted terms. The first part of the process of stepwise clustering involves the use of cluster syntax, descriptive terms, single words (unweighterd terms), double and triple word terms. The second part is developing the cluster metric that uses the author, institution, keyword and source (journal) fields and a latent semantic search. Kostoff has borrowed some ideas from Alan Porter of Georgia Tech and TechOasis to develop the auto-correlation maps. The next step is to develop cross-correlation maps based on common words, commonality of phrases and coauthoring. In constructing the maps, Kostoff uses factor matrix (each factor is like a theme) and factor loading.

Kostoff also employs network analysis and social network analysis.

The second major interest of Kostoff is country studies. He looks at technologies that are militarily relevant and have intelligence relevance. He uses meta-analysis for things that cannot be obtained from cluster analysis and document clustering. He has looked at China in some detail and uses databases other than SCI-expanded, e.g. Compendex and INSPEC – Physics, Electronics and Computer Science.

A third area of Kostoff’s interest is Technology Studies. In particular, he looks at emerging frontier technologies such as nanotechnology, and technologies that acquire importance such as anthrax. In these studies, he uses both bibliometrics and computational linguistics. 

I believe it will be worthwhile for us to develop a small research group to look at technology studies and country studies approaches of Kostoff (and others) and examine the different algorithms and software packages used. It would be useful to invite Dr Kostoff to visit India.

India is stepping up its investment in higher education and research in science and technology and it is important that investment decisions are made based on evidence. As an independent think tank not directly involved in S&T R&D, NIAS is well placed to take up such research, provided they appoint competent experts in science studies and scientomtrics. NCSI-IISc has access to Web of Science from 1945. NIAS has a computer specialist inhouse – Dr N Ramani. 

NIAS may seek funding from DST/DSIR for carrying out such studies. 

Meeting with D Bhakta Rath

Immediately after the meeting with Dr Kostoff was over, I met with Dr Bhakta Rath of the Strategic Planning Group for S&T. He has his own views evolved over years of work in the field of S&T planning. His one principle is that most publicly-funded research should be linked to production. A good example is MITI’s emphasis on semiconductor research. 

He believes that “me too” research is not good, especially for an emerging economy like India. In his view India should take advantage of new technologies and Indian R&D should develop technology applications. Research by and large should start from concept development and end with manufacturing. It is somewhat like the cradle-to-grave analogy of life. India is weak in hardware (by which he means far more than mere electronics). 

Biomolecular science is rapidly evolving. India has some strength and we should try to transfer the available skills to the pharmaceutical sector and try to become a world leader in the drug industry. We should use the nano-bio interface efficiently.

Energy is the BIGGEST problem India faces today, and we should take advantage of the large reserves of methane hydrate in our coasts. Another area of research India should concentrate on is solar energy, particularly development of solar reflectors. Hydrogen energy, he says, is not good for ground transportation and aviation. Some work is going on in the area of fuel cells and we may invest in that area. Our study in the past few months have shown that only Prof. A K Shukla, Director, CECRI, is doing work of some class in this area, although he has not won much recognition. Yet another example of the rather poor peer review system in India.
A third area Dr Rath would like India to invest in is communicable diseases. 

India must focus on specific issues based on challenges faced by us. Also, we must ask ourselves what India can offer to the world. 

According to Dr Rath, we will do well to stop talking about our past glory and start looking seriously at our present and the future. Indian science should learn to rise above the gathering storm, he says. 

It is clear that Dr Rath is ‘development’-oriented and wants even the basic research to be guided by developmental needs. His approach differs sharply from many in the Indian science policymaking bodies, where the belief that if you keep doing good science it would eventually pay is pretty strong. One notable exception is Dr R Chidambaram, Principal Scientific Adviser to the Government of India, who promotes ‘directed basic research’ and the idea of ‘cohesive synergy.’

At Microsoft

The day at Microsoft (3 October) was interesting. The Technical Computing group at Microsoft, headed by Prof. Tony Hey, seriously believes that the future of science is in collaboration in virtual space and the way forward is open access. Not surprising considering the fact that before joining Microsoft as Corporate Vice President, Tony was heading the British e-science initiative. Microsoft is gearing up by investing in advanced web technologies for data sharing and collaboration. This is an area India is far behind the West. Honestly, a lot of what I heard at Microsoft and earlier at the conference on the future of research libraries was new.  

About two years ago Microsoft organized a brainstorming session on science in 2020 and the meeting I attended (on research libraries in 2020) was a follow-up to the earlier meeting. Microsoft and the University of Washington had assembled an exceptionally talented group of about 35 experts consisting of university professors, heads of libraries, service providers (such as the people behind the European DRIVER project), and officials of the European Union, US Dept of Agriculture and NSF. Apart from me, there were only two from Asia, the Head of the Chinese Academy of Sciences Library and a senior professor from Chiba University, Japan. A number of Microsoft staff involved in the development of web-based technologies that could transform the way research will be performed and research information will be disseminated and shared in the future made short presentations of ongoing work. Hearing the presentations at the conference, I was reminded of Prof. Fausto Guinchiglia of the University of Padua who drew my attention a few weeks ago to the concept of ‘liquid publication’, the emerging alternative to the current rather wasteful way of disseminating new research results through peer-reviewed journals and conferences. 

Prof. Hey plans to bring out a report on the issues discussed at the conference, somewhat similar to the report resulting from the earlier conference on science in 2020. 

On the whole, this visit to the United States lasting a little over a week was worth the trouble – of traveling long distances in cramped economy class seats in odd hours often messing up with the natural circadian rhythm. And it made me realize once again how little one knows and how much remains to be done. 

The organizers of the GRL 2020 covered the cost of international travel and the ONR project covered the costs of travel within the United States. Friends in the US provided accommodation and local hospitality during my visits to Philadelphia and Washington DC. 
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