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The Wood’s Way: Brilliant Experimental
Physics and Practical Jokes
W. P. Palmer
Curtin University of Technology, Australia

ABSTRACT - Robert Williams Wood was the American
who exposed Blondlot’s error in believing that he had
discovered N-rays. This has to be amongst the most
often repeated story in modern physics. However usually
in the telling of this story, Robert Williams Wood’s own
history and important discoveries are omitted. This
paper is intended to restore the balance and tell the story
of a man with a long and distinguished career as an
experimental physicist.

WOOD’S EARLY LIFE

Wood

nd

was born at Concord, Massachusetts on 2
May 1868 (1). Wood’s father, Robert Williams Wood,
Senior, was born in 1803, became a physician and
eventually traveled to Hawaii where he practised
medicine (2). Robert was loaned a five inch refracting
telescope (3) which was the start of his lifelong interest
in astronomy and optics.
The family then moved to Boston and his interest in
science was encouraged by a neighbour who operated
a factory and allowed Robert the use of chemicals and
equipment. As a teenager, Robert played practical
jokes, such as putting a dunce’s cap on a local statue
and setting off explosives to frighten people and
animals. His pranks got him newspaper headlines
when he constructed the fossil of a giant insect at an
abandoned quarry frequented by anthropology
students. Or again when he claimed that a piece of
metal had hit the ground as a fireball and produced a
chemist’s report claiming that it was made of an
unknown element (4). Prior to his first year at university
he wrote to Science about his astronomical
observations (5) showing that there was a serious side
to his nature:
Wood’s senior secondary education was in classical
studies at Roxbury Latin School where he failed the
course twice (6) before being admitted to University at
Harvard in 1887. In 1891 he received a BA with a
major in Chemistry but his academic record was
undistinguished (7). His first scientific paper written as
an undergraduate critiqued a theory of his geology
professor. He also experimented with hallucinogenic
drugs (8), and was probably fortunate to get any
degree at all.
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EARLY CAREER
On 19 April 1892, he married Gertrude Ames in San
Francisco (9). They took their honeymoon as a
camping trip mainly on horseback visiting Yellowstone.
He threw a bottle of fluorescein into the pool at
Emerald Springs with the result that the water actually
looked green, which amazed the guide and other
tourists (9a). Chemistry was his initial choice of subject
for his doctoral studies. He started his PhD at Johns
Hopkins University in 1892. He found physics more
interesting and decided to move to the new university
at Chicago University (1892-1894) but still studied
chemistry. He eventually completed the thesis for his
Ph.D. degree in chemistry, but the regulations
changed; he thus missed out on his doctorate (8). He
moved to Berlin University (1894-1896) where he
restarted his studies but he continued his pranks. He
decided to change to physics; again did not complete
his doctorate (9a).
In 1897 he was hired as an Instructor at the University
of Wisconsin. He thought that the salary was miserly
but only lectured twice each week in physical optics.
Wood was productive as a researcher; in 1900 and
1901 Wood authored fourteen of the eighteen papers
published by Wisconsin physicists (10). He presented
some of his papers to the Royal Society in Britain and
his areas of strength include those that he continued
researching for the remainder of his career such as
light, photography and acoustics (11).
His life style was as wild as ever. He also managed to
make influential friends by using electricity (then a
recent commercial innovation) to melt the ice blocking
the frozen water pipes leading to the house of the
President of the University Board of Regents (a former
US senator), indicating the practical use of physics
(10).
In 1901, Robert Williams Wood was appointed
Professor of Experimental Physics (12); at this time
Wood had written some thirty papers covering an
extensive range of topics in both physics and chemistry
(7). He again had light teaching duties and was able to
concentrate on research, mainly in physical optics. His
career path was now set and he stayed connected with
Johns Hopkins University until his death in 1955.
During the first World War, Wood undertook scientific

work in France as a major in the Signal Officers’
Reserve Corps (12). One of his suggestions was that
seals be trained to hunt German submarines with a red
balloon attached to the seal as a surface marker. A
destroyer would follow the balloon and eventually sink
the submarine. This idea was tried out in the Channel
but given up when it was found that seals tended to
abandon the submarine hunt to chase schools of
herring (13). However he did have some success. At
this time he developed his earlier discovery of a filter
for ultraviolet transmission (14), which combined with a
mercury lamp, suppressed the visible light, while
transmitting freely the ultra-violet; this filter was called
Wood's filter (Wood's glass). This invisible light was
then used for signalling without the knowledge of the
enemy.
There is a pattern of events that does not change with
his advancing years. In fact his only biographer,
Seabrook (1941) entitles his biography Doctor Wood,
modern wizard of the laboratory: the story of an
American small boy who became the most daring and
original experimental physicist of our day-but never
grew up (9a). The book appears to consist of Wood’s
own memories so the material for secondary sources in
general relies on this partially autobiographical source.
Thus the main source of all information about events in
Wood’s life is Wood himself. Where these events are
not disputed, this is unproblematic, but sometimes
there are other interpretations of events.

forward his model of the atom (22). Wood (23)
investigated extension of the Balmer Series of
hydrogen and spectroscopic phenomena of very long
vacuum tubes. For the experimental work, Wood used
a much modified vacuum tube, viewed end on, so that
the light emitted came from the central portion of the
tube. He obviously enjoyed his experimental work and
by the end of the paper is considering further
modifications to the apparatus to obtain yet more data.
He never seemed to run out of ideas, but missed out
on developing research on the scattering of visible light
which eventually yielded information about molecular
structure; this research was pursued by Raman and it
was for this work that Raman received the 1930 Nobel
Prize for physics. Wood’s name was put forward jointly
with Raman for the Nobel Prize for physics but in the
end he did not achieve this honour which he very much
desired.
An important feature of Wood’s research was his cooperation with other scientists. In this regard his
friendship with Alfred Loomis, who was a successful
financier, was particularly productive. Wood helped
Loomis with understanding basic physics and with
planning and equipping the laboratory at Tuxedo Park
which became a first class research facility (6). Loomis
helped Wood with the purchase of equipment and
provided him with better research facilities than the
university could provide. The major field of their joint
research was ultrasonics and they are jointly known as
fathers of this area of science.

SOME OF WOOD’S DISCOVERIES
In February 1903, Wood, after a number of trials,
described the invention of a filter for ultraviolet
transmission, which excluded all visible light (14: 15).
Wood continued his research into invisible radiation
photography with considerable success making him the
founder of all invisible radiation photography. The
fluorescence caused by Wood’s light is still used in the
medical treatment of fungi in skin disease (16). Many of
his discoveries were important in that others developed
yet more uses for his many inventions.
Wood (17) used ultraviolet and infrared photography to
photograph the moon and also planets such as Jupiter,
Saturn and Mars. In 1909, Wood constructed the first
liquid mirror astronomical telescope (18). It was formed
by spinning mercury so that it forms a paraboloidal
shape though problems with the technology made the
instrument impracticable (19); new materials have now
allowed such instruments to be constructed (20).
Another of Wood’s strengths was his interest in
spectroscopy, sodium vapour and the manufacture of
diffraction gratings. The area of spectroscopy (21),
which he pioneered, eventually expanded into what is
now called Raman spectroscopy. His spectrographic
discoveries were remarkable, so much so that his
experimental data was used by Niels Bohr in putting
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BLONDLOT AND N-RAYS
This story is one of the most frequently told stories in
physics and the storyline is often of a French physicist
who fraudulently claimed that he had discovered a new
ray, the N-ray, named after his home town of Nancy.
This is unjust, but it is difficult to describe events both
briefly and fairly because N-rays do not exist. Blondlot
(65) was wrong but he also genuinely believed in the
existence of N-rays; it is generally agreed that Blondlot
was absolutely honest but that his observations, at the
limit at what could be observed, were faulty. Robert
Williams Wood, who showed that N-rays did not exist,
was not entirely truthful and may not have acted
ethically. A wide variety of sources, for example (24:
25: 26: 27: 28: 29: 30: 31: 32: 33: 34: 35) describe
these events. The stories are notable because only
one witness to the events of 1904 has left a written
record. That witness was Robert Williams Wood who
wrote two different accounts, one of which was to
Nature (36) written immediately after his visit to
Blondlot’s laboratory which resulted in his conclusion
that N-rays did not exist and the other written for his
biographer nearly forty years later (9a). Ashmore (29)
compared Wood’s two accounts (36: 9a) and found
discrepancies between the two versions. This is not
entirely surprising after an interlude of forty years, but
Ashmore uses the differences between the two

accounts by Wood to cast doubt about his version of
the N-ray story. X-rays had been discovered by
Röntgen in Germany in 1895; French scientists were
looking for a discovery of similar significance. The
discovery of N-rays by Blondlot and confirmed by other
mainly French laboratories restored ‘honour’ to French
science. American, British and German scientists were
generally unable to duplicate the phenomenon.
Blondlot claimed (32) that N-rays were produced by
many things, for example, ‘iron, most metals, even
human bodies’.

“… I believe Millikan couldn’t stand him at all. But that
was vice versa also. And he was always pleased when
he could tell a nasty joke about Millikan.” (40)

Wood was asked by a friend from the University of
Berlin, Heinrich Rubens (Dewdney, 1997, p. 21) to
investigate. Wood too was sceptical so he was not
neutral, but partisan in his investigations. For example,
after the normal formalities were exchanged, Wood
claimed to speak no French (9a), whereas, in fact, he
spoke French well; this allowed him to hear the
conversations going on, without Blondlot and his
assistant knowing that he understood them. After
Wood observed a number of different experiments,
where he was unable to see the changes in the
intensity of illumination which Bonndlot claimed to see,
he removed the prism from the spectroscope, leaving
Blondlot still reading out his observations just as
before.

It appears to me that this very beautiful discovery
which resulted from Raman’s long and patient study of
the phenomenon of light scattering is one of the most
convincing proofs of the quantum theory of light (41).

This was the ‘coup de grâce’ which showed that Nrays did not really exist. On consideration, Blondlot
followed experimental procedures more scientifically
than Wood who conducted his experiment of removing
the prism, dependent on subterfuge, only once with no
independent observers; this is not really science, but
Wood’s method instinctively appeals as a story. ‘The
tragic exposure eventually led to Blondlot’s madness
and death’ (9a). This statement is incorrect; Blondlot
carried on with N-ray experiments and publications
continued to mid 1906. Blondlot retired in 1910 (30)
and died in 1930 (37). Blondlot was honoured in Nancy
with streets and a park named after him (35).

WOOD’S PERSONALITY AND WRITING
Wood was well liked by some but very much disliked
by others and in some cases there is conflicting
evidence. For example, He is said ‘not to get along’
with Professor Ames at Johns Hopkins University,
Baltimore was Head of the Physics Department (38).
On the other hand, in his preface to Physical optics
(39) said: “I am under very great obligation to my
friend, Professor J. S. Ames, …”. Perhaps this is just
politeness, but it may well be sincere.
Franck who was a friend and collaborator of Wood said
that Wood and the physicist R. A. Millikan disliked each
other.

3

Wood was a skilled boomerang thrower and there are
stories of him entertaining the crowd at a Johns
Hopkins football team match with a boomerang during
the interval (9a).
Wood could be generous in his praise for others and
was very generous in his praise of Raman.

He was similarly generous in books that he reviewed.
For example, Wood (42) reviewed a book on light,
which appears to fit his model of a good book: '…the
subject is treated in a very readable manner, free from
mathematics and requiring little or no previous
knowledge of the subject on the part of the reader'.
Wood’s publications were prolific. The World Catalog
credits him with more than ninety books , for example
(39: 43: 44: 45: 47) , but this may be an overestimate.
Evidence of Wood publishing the same material in
different languages (48) is given by Franck (40).
Wood’s research output was in excess of two hundred
papers on a multiplicity of topics, mainly in physics
(49), but with a number including chemical or
astronomical (17) concepts.
His writing falls into two different types, pure physics
research and his fiction writing. He wrote fiction
(nonsense verse) to entertain young children, for
example, How to tell the birds from the flower: a
manual of flornithology for beginners (50 or 51) or in
the newly established genre of science fiction for young
adults, for example, The man who rocked the earth (52
or 53) with Arthur Train. However he was equally proud
of his fiction and his physics, which dismayed his
scientific colleagues.

EXTRA-CURRICULAR
The number of anecdotes about Wood seems endless.
Firstly there were his practical jokes, which were
sometimes amusing and harmless enough to be
enjoyed by all but on other occasions many would
interpret his conduct as being rude and boorish. As a
youth there is the story of him spitting into puddles of
water and dropping sodium into the puddle
surreptitiously at the same time. The resulting flame
evidently alarmed the good citizens of Baltimore (34).
In Paris he played a joke on his landlady who kept a
pet tortoise. He bought several tortoises of different
sizes and exchanged them every few days making it
appear that the tortoise was growing at a tremendous

rate. The landlady told Wood about this and he
suggested she should tell the press. Later he shrank
the tortoise by reversing the process.

(61) there is no mention of Wood. One may therefore
wonder if Wood does not exaggerate the importance of
his own role in the solution of this and other mysteries.

Wood travelled a great deal and when in Egypt
wondered about the purple colour which covered the
gold on ornaments from the tomb of Tutankhamen. His
paper (54) shows how Wood carefully analyzed the
purple coating, concluding that it was caused by traces
of iron ore, arsenic and heat treatment (54: 55). Wood
was certainly multitalented across a range of
disciplines and believed in the importance of keeping
the public interested in science. The Baltimore radio
show, known as Quiz the Scientist, had the 'inveterate
ad libber' and 'impish' Dr Wood on its panel of
scientists answering questions from the general public.
He liked to preface these intellectual discussions with
his verses such as: “'Roses are red, violets are blue,
sugar is sweet and skunks are - phew!” (56).

Wood was later called in to help solve the Briscoe case
where a young woman was found dead in a locked
room (9a: 62). She had evidently been shot in the
chest and had bled to death. There appeared to be no
weapon, no indication of an intruder, and no motive.
The body lay in front of the open door of a coal
furnace. The solution to the mystery became yet
another of his academic papers (63). Wood after many
experiments concluded that the very small projectile
embedded in her chest was part of a detonator left in
the coal in error.

Wood was interested in exposing many well-known
mediums as psychical frauds. He was one of three
members of a commission to investigate a medium
(Margery) for the American Society for Psychical
Research (ASPR). At one sitting the investigators were
permitted to control Margery's hands and feet while
she was supposedly sprouting "ectoplasmic rods" from
her thighs (57). The Crandons terminated the
proceedings after the fourth sitting with the committee
when the following episode took place: 'Wood very
cautiously touched and finally pinched the end of the
"ectoplasm"'. Wood claimed that it felt like ‘a steel
knitting needle covered with one or two layers of soft
leather’ (9a). He concluded that was the medium was
fraudulent. Wood said that neither Margery nor Dr
Crandon noticed this at the time, but at the end of the
sitting when Wood described what had occurred,
Margery gave a shriek and pretended to faint. Later
‘they pretended that she was dangerously ill for weeks
as a result of my “brutality”’ (9a). The ASPR (58) in a
lengthy statement said that Wood in touching ‘the
ectoplasm’ had broken his ‘covenanted word’. The
ASPR (58) did not consider that there was evidence of
fraud whilst the members of a commission were
convinced that Margery was fraudulent. This
demonstrates that it is very difficult to change ingrained
beliefs in such instances.
Wood assisted the police in giving scientific advice in a
number of well known cases. For example, on
September 16, 1920 a bomb exploded along Wall
Street opposite the J. P. Morgan Bank, killing 38
people and injuring hundreds more (6). Wood
managed to reconstruct the actual bomb (9a) and
evidence from this eventually led to the arrest of the
culprits. In books that relate the story of the bombing
of Wall Street (59: 60) there seems to be no reference
to Wood playing any part in helping to identify the
criminals responsible for the outrage. Similarly in a
well-reviewed book on the history of forensic science
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In the case of the Candy Box bomb (or Brady Bomb
Case), a bomb exploded in December 1929 in the
kitchen of the Hall residence in Seat Pleasant,
Maryland. Through Wood's reconstruction of the bomb,
police traced the explosion back to a young garage
mechanic in Washington, D.C (9a).
As well as helping to solve such crimes, Wood also
advised about inventions where an investor might want
to know if an invention genuinely worked or if it was
some sort of scam. Giving advice provided a significant
source of his income (3). Wood is probably at his best
when solving such problems, as Conant (6) states. ‘He
had no patience for scientific quackery and set
ingenious “bear traps” for those who claimed to have
made some secret invention that they were actually
using to con investors.’

RETIREMENT AND CONCLUSION
In 1938, Wood at the age of seventy should have
retired according to the rules, but he persuaded the
university not to retire him and he was allowed to
continue his work as ‘Research Professor of Physics’
rather than the less active sounding title of ‘Professor
Emeritus’. He continued active research at Johns
Hopkins University until just before his death. The
University of Berlin awarded him an honorary doctor's
degree in 1934 as he had never obtained his Ph.D. Sir
William Bragg presented Wood with the Rumford
Medal (in absentia) on 17th November 1938 for his
studies of physical optics over the previous forty years
(64).
Johns Hopkins University honoured him with an
honorary doctorate when in 1951 he had finished his
fiftieth year as Professor at that Institution (2). He died
on 11 August 1955 peacefully; he passed away during
his sleep without any severe illness.
For those interested in education, his life is a reminder
that ‘physics is fun’ or at least it can be enjoyed and
that some students can develop exceptional practical
skills without necessarily shining at theoretical physics.
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Spectrophotometric and Chromatographic
Study of Reaction Between [Aucl4]- and
Quercetin
Bondžić M. Aleksandra, Savić Z. Jasmina, Vujačić V. Ana, and Vasić M. Vesna



pharmaceutical properties [6]. It belongs to a
group of flavonols and has a great importance for
the potential biological and clinical use. However,
it is a potent inhibitor of some enzymes
(myeloperoxidase, reductase) and has the
antioxidant properties due to free radical
scavenging [4]. Because of its ability to form
complexes with biologically important metal ions,
it may undergo different transformations in
physiological conditions [7].

Abstract—The reaction between tetrachloroaurate(III) ion (AuCl4 ) and quercetin in acidic
medium (pH 1) was studied spectrophotometrically and chromatographically. The fast and
slow reaction steps were distinguished in reaction
mechanism, depending on molar ratio between
AuCl4and
quercetin.
Based
on
the
spectrophotometric data, the fast reaction step
was ascribed to the oxidation of quercetin,
yielding to the formation of the at least three
quercetin oxidized forms with the absorption
maximum around 294 nm, which were separated
from reaction mixture in isocratic conditions by
ultra performance liquid chromatography. The
stoichiometry of reaction, determined by molar
ratio and Jobb’s methods, was 1:1. The kinetics of
the reaction was followed by measuring the
absorbance at 294 nm vs. time in slight excess of
AuCl4 .
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There is the lack of literature data concerning
the investigations of interactions between
quercetin and noble metals [8]. The chloride
complexes of noble metals are usually the main
products of majority of procedures applied for
their digestion in the treatment of various
diseases. In general, the interest in the reaction
with Au(III) complexes arises from the proposal
that these complexes may have significant
therapeutic activities. However, Au(III) is a strong
oxidizing agent and, therefore, it is highly toxic [9].
Besides, Au(III) can serve as electron acceptor in
biochemical processes within the cell. Recently,
the preparation of air stable gold nanoparticles by
biochemical synthesis in reverse micelles, in the
presence of natural pigment quercetin as the
reducing agent was described [10]. The data
obtained suggested the two steps in quercetin –
gold reaction: complex formation and its
dissociation with subsequent formation of gold
nanoparticles and oxidized quercetin.
In respect with the fact that acidity in the
stomach is low (usually pH is in the range
between 1 and 3.5), the reaction between
quercetin and Au(III) and potential products
obtained in highly acidic conditions, could be of
interest. The aim of this work was to investigate
the reaction between Q and [AuCl4] in acidified

Flavonoids represent a sub group of intensively
colored polyphenolic compounds in plants. Due to
health promoting properties, and their antioxidant,
antitumor and antibacterial activities flavonoids
are widely examined in terms of chemistry as well
as biological activities [1]. In general, the
antioxidant efficiency of flavonoids has been
related to their hydrogen donating abilities and
number of ionizable hydroxyl groups in molecule
[2]. Moreover, flavonoids undergo oxidation, both
non-enzymatic and enzymatic [3, 4], which
usually leads to their degradation. Flavonoids can
also act as chelators, forming the complexes with
biologically important metal ions, which may
change their antioxidant activity and biological
effects [5].
Quercetin, one of the most common among
flavonoids, has attracted the attention of many
researchers because of its biological and
Bondžić M. Aleksandra, Savić Z. Jasmina, Vujačić V. Ana,
and Vasić M. Vesna are with University of Belgrade, Vinča
Institute of Nuclear Sciences,
Department of Physical
Chemistry, Belgrade, Serbia, Corresponding author: V. Vasić
(e-mail: evasic@vinca.rs)
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Absorbance

aqueous/methanolic solution and to identify the
reaction products.
2. EXPERIMENTAL
2.1 Chemicals
The quercetin (3,3′,4′,5,7-pentahydroxyflavone
·2H2O) (Sigma-Aldrich) of the highest quality
available (98%) was used without further
-2
purification. 1×10 M stock solution of quercetin
was prepared in methanol (HPLC grade). This
solution was stable for at least three months. For
experiments daily prepared solutions of quercetin
were made by dilution of the appropriate amount
of the stock solution with 0.1M HClO4
(spectroscopic grade) or methanol (MeOH). The
tetrachloroaurate(III) acid HAuCl4 · 3H2O was
purchased from Merck.
For UPLC experiments, acetonitrile (HPLC
grade) purchased from J.T. Baker and
phosphoric acid (spectroscopic grade) purchased
from Fluka were used for mobile phase
preparation. Deionized water was obtained “inhouse” using a MilliQ system Millipore.
All other used chemicals were of reagent grade
quality.
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Figure 1 Absorption spectra of 2.5×10 M Q (1)
and [AuCl4] (2) in 0.05M HClO4
After mixing of the equimolar solutions (Fig. 2),
the decrease of the intensity of these bands and
the simultaneous increase of the absorption band
at 294 nm occurred. These spectral changes
clearly indicated the formation of the typical
oxidation product [7] due to the oxidation of
quercetin by Au(III). Moreover, the spectral
changes were followed by two quite well defined
isobestic points at 273 nm and 323 nm. The
reaction was almost completed after 35 min
under
previously
mentioned
experimental
conditions.
Absorbance

2.2 Apparatus
Absorption spectra and kinetic experiments
were performed on the Perkin Elmer Lambda 35
UV-Vis spectrophotometer fitted to the universal
rapid kinetic accessory HI-TECH model SFA 12.
The chromatographic experiments were
performed
on
Waters
ACQUITY
Ultra
Performance Liquid Chromatography (UPLC)
TM
system, using an ACQUITY UPLC BEH C18,
1.7µm, 50mm×2.1mm column as a stationary
phase. The mobile phase was composed of 0.5
vol % H3PO4 in water (A) and acetonitrile (B)
(A:B=70:30) at a constant flow rate of 0.4 mL/min.
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3. RESULTS AND DISCUSSION
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3.1 Absorption spectra and chromatograms
Figure 2 Time dependence of absorption spectra
of 2.5×10-5 M Q and [AuCl4]- in 0.05 M HClO4

-

The reaction between [AuCl4] and Q was
studied spectrophotometrically in 0.05M HClO4.
-5
The absorption spectra of 2.5×10 M solutions of
Q and [AuCl4] are presented in Fig. 1. Quercetin
has the absorption spectrum with the maxima at
370 nm (band I) and 250 nm (band II), which
correspond to chromophores consisting of ring B
conjugated with C4 carbonyl group, and the ring
A, respectively. The absorption spectrum of
[AuCl4] with characteristic absorption maxima at
225 nm and 330 nm indicated the absence of
hydrolysis of Au(III) complex under the
experimental conditions occurred.

The reaction was also followed by UPLC. As
can be seen from representative chromatogram
of the reaction mixture after 16 min (Fig. 3), there
are four characteristic peaks which indicated
clearly, that at least three oxidation products and
neutral quercetin form were detectable. These
products were identified according to literature
data [7]. Their characteristics (spectral data and
retention times) are given in Table 1, as well as
the retention time for [AuCl4] form. As indicated
in the literature [7], the oxidation of quercetin is
followed by the solvent addition (methanol or/and
water) to p-quinone methide, formed by twoelectron oxidation of Q [7] induced by Au(III).

7

-

concentration of [AuCl4] or quercetin was kept
-5
constant (2.5×10 M), since the concentration of
other component was changed to achieve at least
10 fold excess. The change of the absorbance at
294 nm was followed, and the results are
presented in Fig. 4.

Table 1 Spectrophotometric and UPLC data for
Q, [AuCl4] and quercetin oxidation products in
0.05M water/methanol solution (1:1) of HClO4

A294

tr (s)
28.3
31.6
45.7
61.6
213.2

λmax (nm)
294
294
294
254, 370
225, 315

A294

species
QH2O
QH2OMeOH
QMeOH
QH2
[AuCl4]

0.8

0.6

0.015

0.4

0.2

0.010

A
0.0

0

1

2

3

[Q]/[AuCl]4

A294

0.005

0.000
0

1

2

3

4

0.6

tr (min)
0.4
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Figure 3 Chromatograms of 2.5×10 M Q and
[AuCl4] in 0.05 M water/methanol solution (1:1) of
HClO4 obtained 16 min after mixing at 294 nm
(injection volume 10 µL).
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The structures of aducts of oxidized quercetin
form obtained with solvent molecules (water and
methanol) are shown on Scheme 1.
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There is the evidence in the different behaviour
of the system in excess of quercetin or complex
ion. It is obvious, that in the excess of [AuCl4] the
further decrease of absorption maximum of
oxidized quercetin occurred, indicating the further
degradation of quercetin molecule.
In the other series of experiments the method
of Jobb was applied and the overall concentration
-5
of both components was kept 2.5×10 M. The
change of the absorbance at 294 nm was
followed, as the measure of the formation and
degradation of oxidized quercetin form. The
results presented in Fig. 5 clearly indicate the 1:1
stoichiometry in the reaction between [AuCl4] and
quercetin.

O
OH

2

Figure 4 Determination of stoichiometry between
[AuCl4] and quercetin in the excess of quercetin
(A) and [AuCl4] (B).

oxidized
quercetin

O
O

1

[AuCl4-] / [Q]

O
OH

0

O

Scheme 1 The structures of quercetin oxidation
products [7]

3.2 Stoichiometry of the reaction between Au(III)
and quercetin
The stoichiometry of the reaction between
[AuCl4] and quercetin was determined in 0.1 M
HClO4. In the first series of experiments, the
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A294

0.4

In Eq. (1) QX represents all possible reaction
products obtained due to the oxidation of
quercetin [3]. The dependence of absorbance on
time can be presented as:

0.3

0.2

[A] =

0.1

0.0
0.0

0.2

0.4

0.6

0.8

-

[AuCl4]

3.3 Kinetic studies
Kinetic curves were followed in the slight
excess of [AuCl4] at 294 nm, which is the
characteristic wavelength for oxidized forms of
quercetin. It is reasonable to assume that
oxidation of quercetin proceeded as the
consequence of formation of short time living
intermediate formed between [AuCl4] ion and
quercetin. Its identification was not possible with
available experimental techniques. According to
available literature data [7,8], intermediary
3+
complex of quercetin and Au ions was formed
possibly through binding of Au(III) to oxygen
atoms at positions C3, C4 and C5. Further
reduction of gold ions, possibly via a number of
intermediary stages, yielded the atoms that
subsequently became nuclei for the formation of
gold nanoparticles [10]. This process induced the
formation of quercetin oxidation products, which
underwent to further decomposition.
The typical kinetic curve is shown in Fig. 6. The
rise and fall of the absorbance at 294 nm as a
function of time is characteristic for a reaction (1)
that involves the formation of oxidation products
(QX) as the intermediate in the overall process
during which Q and AuCl4- react to give the
degradation products of quercetin and elemental
gold:

4. CONCLUSION
-

The reaction between quercetin and [AuCl4] in
0.05M HClO4 1:1 water/methanol solution leads to
the oxidation of quercetin and reduction of Au(III).
This resulted in the formation of at least three
unstable quercetin oxidation products. The
proposed reaction mechanism involves the
complex formation between Q and [AuCl4] ,
followed by the oxidation of quercetin on the
account of the reduction of Au(III) to elemental
gold.
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Modification of WTi/Si System by 1064 nm
Picosecond Nd:YAG Laser Pulses
Petrović, SuzanaA; Gaković, BiljanaA; Peruško, DavorA; Čekada, MihaB;
B
A
Panjan, Peter ; and Trtica, Milan


Abstract. Interaction of an Nd:YAG laser,
operating at 1064 nm and pulse duration of 40 ps,
with tungsten-titanium (WTi) film deposited on
silicon (Si) substrate was studied. The used WTi
film had thickness of 190 nm whereas Si-substrate
was n-type with (100) orientation. Surface damage
2
threshold was estimated on ~0.5 J/cm . The WTi
thin film/silicon system modification was studied
by the laser beam of energy density of 5.7 J/cm2.
The energy absorbed from the Nd:YAG laser beam
is partially converted to thermal energy, which
generates a series of effects, such as melting,
vaporization, shock waves, etc. The following WTi
thin film/silicon target morphological changes
were observed: (i) ablation of the WTi thin film (in
the central zone of irradiation) and creation of the
crater especially for the number of pulses > 10. (ii)
Partial modification of the silicon substrate with
formation of mosaic structure and sporadic
appearance of cracking effects and, (iii)
appearance of hydrodynamic features in the form
of resolidified material as well as the creation of
nano-globules. The formed nano-globules are
derived from redeposited film material.

attracted much attention as a relatively original
technique for processing on micro- and nanolevel. This technique is especially desirable for
machining in microelectronics 5 and for forming
stable nano-sized forms (nanoparticles) 6.
The WTi alloy as a refractory material possesses
very good physico-chemical characteristics such
as thermochemical stability, high melting
temperature, high hardness, etc. 7. From these
reasons the WTi thin film can be applied in
microelectronic industry as diffusion barrier layers
contact layers and a silicon substrate 8, for gas
sensor technology 9, for protective coatings
10, etc. Tungsten and titanium also as nano
particles can enhance mechanical properties of
metallic alloys 11. Conventional processing of
this material is extremely difficult, because of its
hardness and brittleness, and the use of a laser is
a possible solution.
According to available sources, there is little data
about the interaction between pulsed laser
systems and WTi thin film. The main objective of
the present work was to study the WTi thin film
surface modification induced by a picosecond
Nd:YAG laser. The laser was emitting in the
near-infrared region at 1064 nm. The special
attention
was
paid
to
observation
of
morphological effects on a target induced under
medium laser fluence regime.

PACS code: 68.55.Jk, 52.38.Mf, 79.20.Ds
Key words: WTi thin films, laser ablation,
picosecond laser pulses.

1. INTRODUCTION

S

OME important aspects of the use of lasers
in material processing, particularly those that
involve surface material removal and heat driven
processes,
are:
melting,
vaporization,
condensation of vapor, diffusion, segregation,
resolidification, laser-plume interaction, etc. 1,2.
A laser beam solid state interaction is complex
process which depends on many parameters,
such as the target nature, the chemical and
physical properties of its surface, the wavelength
of the laser beam, the beam energy density, the
duration of irradiation, the nature and pressure of
the surrounding atmosphere, etc. 3,4. In context
of this, the laser material ablation/modification

2. EXPERIMENTAL
The tungsten-titanium thin films were deposited
on silicon substrate by sputtering of the 90%W 10%Ti w.t. target by Ar+ ions. The silicon
substrate was n-type wafer with (100) orientation.
Before deposition process, Silicon substrate,
thickness of 0.5 mm, was cleaned by standard
HF etch and a dip in deionized water and then
mounted in the chamber. The deposition was
carried out in a Balzers Sputtron II vacuum
system. The conditions during the deposition
process were: acceleration voltage, 1.5 kV; used
-3
current, 0.7 A; base pressure in chamber, 1x10
Pa whereas the partial pressure of argon,
1.33x10-1 Pa. Under these experimental
conditions the constant deposition rate was 0.14
nm/s. The thickness of produced a WTi thin film
was 190 nm.

Manuscript received November 20, 2010. (A) University
of Belgrade - Vinča Institute of Nuclear Science, P.O.Box
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The samples were irradiated by focusing
Nd:YAG laser beam using a quartz lens of 12 cm
focal length. The laser employed is an activepassive mode-locked Nd:YAG system model SYL
P2 by Quanta System Srl.-Solbiate. The
experimental conditions were: energy density i.e.
2
fluence (), 5.7 J/cm (corresponding power
10
2
density/intensity, 13.5 10
W/cm ); pulse
duration, ~40 ps; laser wavelength, 1064 nm;
TEM00 output; linear polarization; pulse repetition
rate, 2 Hz. Variation of the pulse-to-pulse energy,
 5 %. Irradiation was performed perpendicular to
the surface in air at normal atmospheric pressure.
Pulse duration of about 40 ps is obtained by
using a saturable absorber dye and an AcuostoOptic standing wave modulator.
Various analytical techniques were used for
characterization of WTi thin film before and after
laser irradiation. Identifying the target crystal
phase/composition was done by an X-ray
diffractometer. Surface morphology, induced by
laser irradiation, was monitored by optical (OM)
and scanning electron microscopy (SEM; Zeiss
Supra 35VP). The SEM was coupled to an
energy-dispersive analyzer (EDX) for determining
sample surface composition. Specific geometry of
the ablated areas was characterized by
Profilometry (Taylor – Hobson Talysurf 2).

3. RESULTS AND DISCUSSION
The phase composition analysis of asdeposited WTi thin film, before laser irradiation,
has confirmed that thin film had tungsten phase
with body-centered cubic (b.c.c.) structure 12].
The thin film exhibited dominant preferential
orientation of W (110). In the main, the produced
WTi thin film was solid solution of titanium in a
tungsten matrix with increased W- lattice
parameter (3.2237 Å). The estimated grain size of
the WTi thin film was about 14 nm according to
the W- peak width 12. The surface morphology
analysis, by SEM, also confirmed that WTi thin
film is polycrystalline with fine grains, uniformly
covering the substrate. The initial mean value of
surface roughness was estimated at 0.5 nm
which corresponded to the roughness of silicon
substrate 13.
The irradiation of the WTi thin film was done
with sets of successive laser pulses. The pulse
count varied from 3 to 50 pulses whereas the
laser pulse energy density kept constant at value
of 5.7 J/cm2. The morphological changes induced
by the laser on WTi/Si system showed its
dependence on the number of accumulated
pulses at the same place. At the given fluence
2
(5.7 J/cm ) the damage of the WTi target can be
clearly recognized even after one laser pulse. The
damage threshold, defined as the minimum laser
radiation energy density required for creating
detectable damage on the material, was

12

2

determined. The damage threshold of ~0.5 J/cm
was recorded for picosecond Nd:YAG laser (1064
nm) - WTi target interaction.
Morphological changes of complex WTi/Si
system for five and fifty accumulated laser pulses
are presented in Figure 1. These surface
modifications include the following effects: (i)
ablation/exfoliation of WTi thin film with
appearance of crater like forms, (ii) partial
modification of silicon substrate with formation of
mosaic structure and sporadic development of
cracking effects and, (iii) appearance of
hydrodynamic features (like resolidified material)
as well as formation of nano-globules.
In details, after action of five laser pulses (Fig.
1A), central part of irradiated area/spot showed
removal of WTi thin film from substrate/silicon
(Fig. 1A1) whereas at the periphery it was kept
but damaged (Fig. 1A3). Micro cracking effects
on silicon substrate, in the central region, are
present (Fig. 1A1). The cracks are arranged
under the angle of 90, which corresponds to the
initial orientation of silicon substrate. The specific
mosaic structure (Fig. 1A2) with sub-micron
dimensions were registered on silicon substrate
too, but in form of resolidified materials.
Modification of WTi surface, at the periphery of
the irradiated area (Fig. 1A3, 1A4), can be
attributed to redeposited of ejected and then
condensed material from the central region.
Increasing number of accumulated laser pulses
(e.g. 20 or 50 pulses) on the target resulted in
more expressed damage. Accumulation of 20, in
contrast to 50, laser pulses showed the similar
surface morphology features (as for 5 pulses).
The different morphology (after 50 pulses) is
manifested in intensive modification/ablation in
central zone with crater characteristic (Fig. 1B)
and modified periphery without removal of the
film. In the central zone, zone in which the film is
ablated,
the
melting
and
subsequent
resolidification of silicon substrate are visible (Fig.
1B1, 1B2). Close to the border of resolidified
material (Fig. 1B3) the micro-cracks occur as a
consequence of preserve silicon single structure.
Melting point of silicon is 1690 K and it is to
assume that surface temperature induced by the
laser was higher. In this context appearance of
melting/remelting zones in the center (Fig. 1B2)
as well as silicone micro cracking were
experimentally confirmed. On the periphery (Fig.
1B4) redeposited material as well as sporadic
nano-globules (with diameters from 200 to 500
nm) are recorded. Generally, formation of nanoglobules can be attributed to the recrystallization;
also tohydrodynamic processses, to surface
instabilities, condensation, etc.
Elemental chemical analysis of the WTi/Si
system, carried out after accumulation of 50 laser
pulses by EDX/SEM, is shown in Figure 2 A-C.

2

Figure 1 SEM analysis of the WTi/Si system induced by Nd:YAG laser (λ= 1064 nm;  = 5.7 J/cm ). (A)
and (B) entire irradiated area after 5 and 50 laser pulses, respectively . (A1, B1) corresponding central
part of ablation; (A2, B2) central part details with higher magnification; (A3, B3) periphery of damaged area
and; (A4, B4) periphery details with higher magnifications.
The spectra were recorded in three different
locations, i.e. at the WTi thin film surface (A), at
central zone where the film was removed (B) and
at the surface of nano-globule (C), Fig. 2. The
WTi film content was: W, 78.6 %; Si, 14.2 %; Ti,
5.5 % and O, 1.7 %. All percentage data are by
weight. The complete analysis was normalized.
Also, the modified substrate showed the 100 %
content of Si. The surface composition of nanoglobules is similar to the thin film. These results
confirm assumption that the film material is
ejected and then redeposited on the target. In
contrast, the substrate material was not
registered to redeposit in form of nano-globules.
The formation of nano-globules is accompanied
by additional oxidation what is expected because
the irradiation process was done in air
atmosphere.
A profilometer analysis of the ablation depth
as well as crater volume and volume of heaped-
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up material, in function of number of accumulated
laser pulses, are presented in Figures 3 and 4,
respectively. In the first step of laser acting, after
3 and 5 pulses (Fig. 3), the ablation depth was
low. The dominant process on the target surface
was melting, probably. The significance depth of
the crater (18.2 m) was obtained after 10 pulses
which reach saturation at about 30 pulses (Fig.
3). Under this conditions the measured depth was
~23 m. Volume of the crater and volume of the
heaped-up material on the surface were
increased with number of pulses, too (Fig. 4). For
the pulse interval over 10, the displayed volumes
are increased linearly with the number of pulses.
The difference between volume of the crater and
volume of the heaped-up material can be
attributed to the ejected or vaporized material.

Figure 2 The chemical composition of the WTi/Si system after laser irradiation with 50 pulses. Analysis
was carried out by EDX/SEM at three different locations: (A) surface of WTi thin film; (B) the surface of
nano-globule and (C) central part (area of ablated film).
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Figure 4 Volume of the ejected material from the
crater and, volume of heaped-up material on the
surface as a function of the number of
accumulated pulses.

Figure 3 Ablation depth of the craters as a
function of the number of accumulated pulses.

4.

100

deposited on a silicone substrate (n-type with
(100) orientation). Laser energy density, i.e.
2
fluence of 5.7 J/cm was found to be sufficient for
inducing structural and morphological features on
the target system. Laser-induced changes on
WTi/silicon target can be summarized:
(i) Ablation of the WTi thin film (in the central

CONCLUSION

A study of morphological and structural
changes of a WTi thin film/silicon system induced
by a picosecond Nd:YAG laser (pulse duration of
40 ps), operating at 1064 nm, is presented. The
used WTi film had thickness of 190 nm and it was
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zone of irradiation) and creation of the crater
especially for the number of pulses greater than
ten.
(ii) Partial modification of the silicon substrate
with formation of mosaic structure and sporadic
appearance of cracking effects.
(iii) Appearance of hydrodynamic features in
the form of resolidified material as well as the
creation of nano-globules. The formed nanoglobules are derived from the redeposited film
material.
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Towards the Standardization of the I-E Curves of
Oxygen Reduction Reaction on a Rotating
Polycrystalline Pt Disc Electrode
S. Mentus and I. Pasti

intention to compare their own I-E curves of ORR to
the literature data.
Apart of bringing the available literature data to an
easily comparable form, this study demonstrated that
the I-E curves of ORR on pcPt, published by various
authors, do not overlap mutually, and thus a future
effort of researchers is needed in order to decide,
which among them, if any, may be used as a standard
one. As a segment of this problem, the most probable
value of limiting diffusion current of ORR was pursued.
The usability of the data derived in this study was
demonstrated by unveiling the significant experimental
errors appearing in the literature related to ORR.
Key words - Aqueous solutions, Oxygen reduction,
Platinum electrode, Rotating disc electrode,
Standardization

Abstract - One should expect that the fastest way to test
the efficiency of any platinum-based electrocatalysts
for oxygen reduction reaction (ORR) is a direct
comparison of the corresponding current-potential (IE) curve, to the I-E curve obtained under identical, or
at least close experimental conditions, on a smooth
polycrystalline platinum (pcPt) electrode. In this sense
a question arises, whether the I-E curves of ORR on
pcPt, obtained in different laboratories under identical
or close experimental conditions, are satisfactorily
reproducible.
In order to answer this question, we collected almost
all thus far published I-E curves of ORR on pcPt, and
grouped them according to the criteria of equal or at
least close experimental conditions. The extenuating
circumstance in this sense was the fact that commonly
ORR was investigated at room temperature in a rather
limited group of electrolyte solutions, 0.1 M HClO4,
0.05M H2SO4 and 0.1 M KOH (NaOH), to which this
survey was also limited.
In an attempt to compare the reproducibility of I-E
curves obtained by various authors in the same
electrolyte solution, the main problem we encountered
was the fact that the I-E graphs published in the
literature by various authors differed ordinarily in
clue aspects, e.g., in units of current (or current
density) axis and reference potentials.
To overwhelm this problem, in this work, the collected
graphical data as appeared in the literature were
carefully digitalized and uniformed to fit a common I-E
coordinate system. These uniformed and tabulated data
may help to the researcher to save time in their future

Introduction
Platinum is known as the best single-component
electrocatalyst for oxygen reduction reaction. Its plays
nowadays an intrinsic role in the function of fuel cells.
Urged by both insufficient world reserves and high
price of platinum, many researchers attempted to
improve platinum utilization. A common, trivial, way
to enhance catalyst utilization consists simply in
enlarging the real surface area per unit of mass [1,2].
This assumes the dispersion of the catalyst to
nanoparticles, since the reduction of particle
dimensions leads to the enlargement of the real surface
area per unit of mass. To prevent nanoparticles of
agglomeration, and keep simultaneously high electric
conductivity being mandatory behavior of an electrode
material, suitable electronically conductive support
must be used. The most commonly used support of Pt
nanoparticles is carbon black bearing the commercial
name Vulcan®. A nontrivial ways to increase Pt
utilization consist in the enlargement of catalytic
activity per unit of real surface area normalized to pure
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Pt. There are literature reports that the enhancement of
utilization was achieved by using platinum alloys
(PtxFe, PtxNi) instead of pure platinum [3, 4]. The such
achieved improvement was explained in terms of
modification of surface adsorption properties through
the modification of electronic properties under
influence of alloying metal [3,4]. Another way of the
improvement was achieved by surface modification of
the supporting material – Vulcan, by forming the
composites with transition metal oxides (TiO2 [5],
NbO2 [6]) or carbides (WC [7]). This type of catalyst
improvement was explained in terms of strong metalsupport interaction (SMSI) evidenced in many standard
catalysis experiments [8,9].
The activity of an electrocatalyst may be characterized
by the exchange current density. However, in the case
of ORR, the measurement of this parameter implies
usually a big relative error, and often the authors in this
field apply more simple and secure relative
measurements: they compare the I-E curves of ORR in
the whole potential range the reaction occurs: better
catalyst is then the one which enables the ORR to
occur at the potentials more close to the reversible
potential of oxygen electrode. The I-E curve of smooth
polycrystalline platinum was most often used as a
reference curve [3,4]. This poses the question, to which
extent is the I-E curve of ORR on polycrystalline
platinum electrode unique and reproducible if obtained
under identical experimental conditions, in order to
justify its use as a standard one? To answer this
question, the available literature data on the I-E curves
for oxygen reduction on smooth polycrystalline
platinum were gathered, with the intention to compare
them mutually. In that sense, first the selection of
mutually comparable data was performed. Since
majority of the recent studies relate to either 0.1 M
HClO4 or 0.05 M H2SO4 as acidic and 0.1 M KOH or
0.1 M NaOH as alkaline solutions, the first selection
and grouping of the available data was based on the
type of the electrolyte used, and the data were
classified to correspond to the one of the listed
electrolyte types. The second selection was made in
relation to temperature: the data relating to room
temperature only were taken into consideration. In
spite of the fact that the studies of ORR published thus
far in the literature are numerous, a very limited
number of ones remained usable after this selection.
The following task was the transformation of the
available data to a mutually comparable form. Namely,
the I-E curves were published exclusively in a
graphical form, difficult to comparison, since usually

different units of axes and different reference
electrodes were used. To overcome this problem,
graphical presentations were digitalized: the current
axis, where needed, was transformed in current density
axis, and all potentials were expressed with respect to a
unique reference electrode- reversible hydrogen
electrode. That enabled to use of a standard drawing
programs to plot the data for I-E curves of various
authors in a common coordinate system. Upon the I-E
curves of various authors, relating to a selected type of
electrolyte, were compared mutually, the conclusion
was derived that they do not overlap mutually, and the
reasons of this disagreement was discussed.
Discussion
A. Towards the reliable I-E curve of ORR on pcPt
electrode in aqueous solution
The ORR is an extremely slow electrode reaction, the
kinetic parameters of which depend considerably on
the state of electrode surface. On the other hand, the
state of platinum surface is not easily controllable. This
was demonstrated long ago, in the attempts to obtain
reproducible potentiodynamic curve of Pt/electrolyte
interface in the potential region of double layer
response [10].
The history of experiments with ORR on platinum
surface contains many proposals of electrode
pretreatments intended to provide reproducible results
of electrochemical investigations.
The reversible potential of oxygen electrode is 1.23 V
versus reversible hydrogen electrode, and lies deeply
inside the potential region in which the Pt surface is
oxidized, while at the potentials close to the reversible
potential of hydrogen electrode, the surface is free of
oxide but covered with adsorbed hydrogen atoms
[10,11]. Alternation of polarization steps between these
two, or similar, potentials, in cyclovoltammetric (CV)
experiments, cause successive formation and reduction
of oxide layer, which enables surface reorganization
and roughening. The deeper anodic polarization, the
more surface changes are expressed [10, 11]. The
experience of many authors indicated that after many
repetitions of polarization cycles, the voltammetric
response approaches a constant form. In a paper by
Nekrasov et al. [12], for alkaline solutions, six cycles
of pulse polarization switching between -200 mV and
1.8 V versus reversible hydrogen electrode, finishing
with a delay of 5 min at -250 mV, were proposed in
order to provide reproducible I-E curves of ORR. More
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recently, Paliteiro et al. [13,14] found that such a
treatment enabled indeed a reproducible I-E curves of
ORR, but not identical to the ones reported by
Nekrasov et al.[12]. It is interesting than no any of the
treatments revealed the complete 4e- reduction path,
achieved in many other cases in alkaline solutions
[15,16,17]. Angerstein-Kozlovska [18] and Hoare [19]
found that 2M sulphuric acid solutions of extremely
high purity was needed to achieve characteristic steady
state shape of cyclovoltammograms (CV) of pcPt in
the voltage window of double layer response ( 0-1.5 V
vs standard hydrogen electrode (NHE)). The
achievement of reproducible CV diagrams was
generally accepted as a main criterion of the reliability
of further electrochemical investigation by other
techniques, if taken up.
Since the extensive investigation of mechanism of
ORR on rotating Pt disc-ring electrodes were
performed by Damjanovic et al. [20], the rotating
electrode became a preferable tool of ORR
investigation. These authos reported that the oxide
layer on pcPt surface inhibits ORR, thus if one starts
recording the I-E curve of ORR from reversible
potential of oxygen electrode (cathodic scan direction),
i.e with the oxidized surface, the onset of measurable
reduction current lags in relation to the current
measured at the same potential under anodically
directed potential scan [20]. Thus, the scan direction is
the parameter which influences the course of I-E curve
of ORR and should be indicated in the publications.
Since the discovery of Clavilier et al. [21] how to
prepare large single Pt crystal surfaces suitable for
electrochemical examinations, the electrochemistry on
single crystal surfaces prevailed in the literature. That
required sophisticated UHV techniques of surface
investigation, which, in turn, helped to clarify the
additional
sources
of
irreproducibility
of
electrocatalytic behavior of platinum. The paper by
Clavilier [21] indicated that a part of problems of
reproducibility of CV curves on pcPt originates from
the fact that the catalytic activity of metal surface
towards ORR depends on the crystallographic
orientation of the surface, expressed through the Miller
indices (hkl) [15,22]. If the pretreatment technique
used changes the relative abundance of different
crystallographic orientations that may influence the
electrode kinetics. The thermal treatment of
polycrystalline Pt-electrode (heating-cooling) leads to a
generally closest packed and most stable Pt surface
(111) with the contribution of (100) one [19].

Another source of irreproducibility is the dependence
of the kinetics of ORR on the nature of the anions
present in the electrolyte. Namely, the anions may
adsorb specifically on platinum surface and concur to
the adsorption of O2 or its reaction intermediates. For
instance, the effectiveness of Pt catalyst was found to
be lower in sulfuric acid than in perchloric one [31].
This is a well-known effect caused by adsorbed
(bi)sulfate anions which block the sites available for O2
adsorption [15, 23-29]. Since this feature is
unavoidable, the data on ORR must be treated as
specific for actual electrolyte solutions. The other side
of the same feature is the remarkable influence of
impurities on electrode kinetics. The presence of
chlorides, originating, for example, from reference
electrodes, may drastically reduce the kinetics of ORR
in HClO4 solutions [30]. It is known that, generally, at
each crystallographic Pt surface, the order of the
adsorption strengths, expressed trough the enthalpy of
adsorption, is F <Cl<Br<I [15]. On the today’s level of
purification techniques, the prevention of the presence
of impurities in water and other chemicals needed to
prepare solutions, should not present a difficult task.
The fact that nowadays the mostly used solutions in
ORR investigations are 0.1 M HClO4, 0.05 M H2SO4
and 0.1 M KOH (NaOH) was the reason to select these
group of solutions for the purpose of this study. Since
no any I-E curve published by different authors were
recorded under absolutely identical conditions, the less
important differences in experimental conditions were
tolerated, for example differences in electrode
pretreatment and scan rate. The unique potential scale
used in this study is the scale of reversible hydrogen
electrode. The scale conversion was done by means of
conversion tables found on the web page of
electrochemical resources [32], and calculations on the
basis of Nernst equation of reversible electrode
potential. The conversion addend was noted where
applied.
i. ORR in 0.1 M HClO4
Very recently, Stamenkovic et al. reported that in 0.1M
HClO4 the surfaces of alloys Pt3Ni [3] and Pt3Fe [4] are
more active for ORR in comparison to smooth pcPt.
However, the working temperature was 333 K [3, 4],
and thus these I-E curves were not suitable for the
purposes of this study. In somewhat older reference,
(Stamenkovic et al. [22]), the activities of these alloys,
compared to the one of smooth pcPt rotating disc, were
examined at 20 oC. Although the polarization rate used
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(50 mV/s) was somewhat higher than usual for rotating
disc electrode, due to a small number of useful
available data, these date were used into consideration.
The electrodes were cleaned and characterized in a
UHV system under pressure in the 10-10 Torr range
[22]. The system was equipped with an angularresolving double pass cylindrical mirror analyzer with

annealing cycles with Ar ions and oxygen until Auger
electron spectroscopy (AES) indicated that an ideally
clean (carbon and oxygen free) surfaces were
produced. The reference electrode used was RHE, and
therefore no any translation of the data along the
potential axis was needed. The I-E curves were
obtained using anodic scan, and that obtained at the
rotation rate of 1600 rpm was selected for
digitalization. The digitalized data were presented in
Table 1.
Sarapuu et al. [31], investigated the kinetics of ORR on
thin platinum layers attached to a rotating glassy
carbon disc and compared the data with the ones
obtained on smooth bulk platinum rotating disc. They
ran the experiments at 20 oC at a polarization rate 10
mV/s. The complete data related to polycrystalline
platinum in 0.1 M HClO4 needed to present I-E curves

Table 1: I-E dependence for ORR on pcPt rotating disc
in 0.1 M HClO4 at 1600 rpm – - tabulated data present
the points taken from the graph published in [22]
Table 2: I-E dependence for ORR on pcPt rotating disc
in 0.1 M HClO4 at 1900 rpm– - tabulated data present
the points taken from the graph published in [31]

Table 1
E /V
0.1
0.15
0.2
0.25
0.3
0.35
0.4
0.45
0.5
0.52
0.55
0.6
0.62
0.66
0.68
0.7
0.71
0.73
0.75
0.76
0.78
0.8
0.81
0.82
0.83
0.84
0.85
0.86
0.88
0.9
0.92
0.95

j
-6.1
-6.15
-6.18
-6.18
-6.2
-6.2
-6.2
-6.2
-6.2
-6.2
-6.18
-6.12
-6.1
-6
-5.9
-5.75
-5.7
-5.5
-5.25
-5.05
-4.5
-3.95
-3.5
-3
-2.7
-1.95
-1.7
-1.3
-0.7
-0.35
-0.15
0

0
-1
-2

0.1 M HClO4
1600 rpm [22]

-2

j
-5.2
-5.35
-5.5
-5.55
-5.65
-5.75
-5.8
-5.8
-5.8
-5.8
-5.8
-5.75
-5.7
-5.65
-5.6
-5.4
-5.15
-4.8
-4.5
-4.15
-3.8
-3.45
-3.1
-2.75
-2.4
-2.1
-1.75
-1.4
-1.05
-0.8
-0.35
-0.1
0

j / mA cm

E/V
0.06
0.1
0.14
0.18
0.22
0.25
0.29
0.34
0.37
0.41
0.45
0.49
0.53
0.57
0.61
0.65
0.68
0.72
0.74
0.76
0.78
0.79
0.8
0.82
0.83
0.84
0.855
0.87
0.884
0.9
0.925
0.96
1

Table 2

1900 rpm [31]

-3
-4
-5
-6
-7
0.0

0.2

0.4

0.6

0.8

1.0

1.2

E / V vs RHE

Fig 1. The I-E curves of ORR on pcPt electrode in 0.1 M
HClO4: squares: anodic sweep, 50 mV s-1, 1600 rpm [22],
circles: cathodic sweep, 10 mV s-1 , 1900 rpm [31]

in a tabulated form were found in the paper. Reference
electrode was SCE, and the potential axis was
transformed to the scale of reversible hydrogen
electrode by subtraction 300 mV. The Pt electrode (A =
0.2 cm2) was finished by polishing with a 0.05 m
alumina slurry. After polishing, the electrodes were
ultrasonically cleaned in Milli-Q (Millipore) water for
5 min. Prior to the O2 reduction measurements, the
electrodes were electrochemically pre-treated in the
same solution by scanning the potential between −0.25
and 1.15V for 50 cycles at 100 mV s−1. The authors
claimed that this procedure enabled to obtain
reproducible cyclovoltammograms characteristic of
pure pcPt. The authors determined the real surface area

an electron source at its center. UHV cleaning
procedures were done by repeating the sputtering-
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of Pt by charge integration under the hydrogen
desorption peaks, assuming a charge of 0.210 mC cm−2
for the electroactive Pt surface [2]. After potential
cycling the electrodes were immediately transferred to
an O2-saturated solution in another cell in order to
avoid surface contamination in air. For O2 reduction
measurements, the potential was held at 0.8V for 5 s
and scanned between 0.8 vs SCE (1,1 V vs RHE) and
−0.2V at 10 mVs−1. The authors published the I-E

The third usable I-E curve of ORR on pcPt in 0.1 M
HClO4 was that published by Paulus et al. [33] within
the study of ORR on Pt3Ni(pc) and Pt3Co(pc) dispersed
on carbon black. The electrode cleaning performed in
[33] was the same as that described in ref. [22], since
the same laboratory was used for the experiments. The
scanning rate of 20 mV s-1 and various rotation rates
were used in the experiments. The I-E curve relating to
the rotation rate of 1600 rpm, recorded in both anodic
and cathodic scan directions were used for
digitalization. Their digitalized form (table 3) were
used to draw the diagram in Fig. 2, together with the
ones from [22] and [31] added for the sake of
comparison. To avoid confusion, the last ones were
presented by smaller dots.

Table 3: I-E dependence for ORR on pcPt in 0.1 M
HClO4 at 1600 rpm - tabulated data present the
points taken from the graph published in [33]. Both
sweep directions were considered.
Table 3
j,cathod.
------0.1
-0.15
-0.3
-0.5
-1.1
-1.8
-2.4
-3.2
-4
-4.8
-5.1
-5.3
-5.5
-5.6
-5.65
-5.75
-5.8
-5.8
-5.8
-5.8
-5.75
-5.75
-5.7
-5.7
-5.65

anodic scan [22]
cathodic scan[31]
anodic scan [33]
cathodic scan [33]

0

-2

j,anod.
0
-0.1
-0.2
-0.35
-0.7
-0.9
-1.2
-1.8
-2.8
-3.5
-3.9
-4.15
-4.7
-4.95
-5.25
-5.45
-5.6
-5.65
-5.7
-5.7
-5.75
-5.8
-5.8
-5.8
-5.8
-5.75
-5.75
-5.7
-5.7
-5.65

j / mA cm

E/V
1
0.97
0.95
0.93
0.91
0.9
0.89
0.87
0.85
0.83
0.81
0.8
0.78
0.76
0.74
0.72
0.7
0.68
0.65
0.6
0.55
0.5
0.45
0.4
0.35
0.3
0.25
0.2
0.15
0.1

-2

-4

-6

0.0
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0.8
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E / V vs RHE

Fig. 2. The I-E curves of ORR on pcPt in 0.1 M HClO4 , at
20 mV s-1, 1600 rpm, Δ-anodic scan, ▼- cathodic scan [33].
The data from Fig 1 [22,31] were added by smaller symbols.

b. ORR in 0.05 M H2SO4
The data for ORR on polycrystalline platinum in 0.05
M sulfuric acid, obtained under mutually comparable
conditions, are those found in refs. [20] and [31].
Simultaneously to the I-E curve of pcPt in 0.1 M
HClO4 described in the previous section, Sarapuu, et al
[31] published the I-E curve of O2 reduction on
polycrystalline Pt electrode in 0.05 M H2SO4. The
electrode treatment was the same as described in the
previous section [31]. The I-E curve for 1900 rpm, 10
mV/s, cathode scan direction, was only presented. The

curve for ORR on pcPt, at a rotation rate of 1900 rpm
only, and this curve, in tabulated form, was presented
in Table 2. In Fig. 1 the tables 1 and 2 were presented
graphically. The curves indicate somewhat different
kinetics in the range of kinetic control, and as expected,
higher current density for higher rotation rate.

SCE reference electrode was used, and the transition to
the RHE reference electrode for the purposes of this
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Table 4: I-E dependence for ORR on pcPt rotating
disc in 0.05 M H2SO4 – tabulated data present the
points taken from the graph published in [31] for
rotation rate 1900 rpm, polarisation rate 10 mV/s, and
cathodic sweep direction

Damjanovic et al [20] used 0.05 M H2SO4 as the
electrolytic media at room temperature to examine
ORR on polycrystalline Pt rotating disk-ring electrode.
Before measurements, the electrode was mechanically
polished using 0.3 m alumina as a final polishing
medium. Electrode was thoroughly washed before
experiments with sulfuric acid and conductivity water.
The electrochemical pretreatment consisted of
potentiostating the disk electrode first at 1.4 V for
about 1 min and then at 0.0 V for another minute. In
Fig. 7 of the reference [2], the I-E curve for rotation
rate 120(π) sec-1 (equivalent to 60 rps or 3600 rpm) was
only presented. The potential of the disk electrode was
changed discontinuously, point-by point, in steps of 50
mV, in the potential range of 1.0-0.0, in the cathodic
direction. The current axis units in ref. [20] were
miliamperes. By means of known electrode surface
which amounted to 0.178 cm2, current strength was
converted in current density, mA cm-2, for the purpose
of this study. The reference electrode used by the
authors was reversible hydrogen electrode, thus no
conversion was needed. The tabulated data relating to
I-E curve from ref. [20] were presented in Table 5. The
Table 5 was presented graphically in Fig. 3, too. The
difference between I-E curves presented in Fig. 3 in the
region of limiting diffusion current is in sound with the
differences in rotation rates (3600 vs. 1900 rpm). The

Table 5 I-E dependence for ORR on pcPt rotating
disc in 0.05 M H2SO4 - tabulated data present the
points taken from the graph published in [20], for
rotaton rate 3600 rpm, and point-to point cathodic
sweep with the increments of 50 mV.

j
-6.25
-6.28
-6.28
-6.28
-6.3
-6.3
-6.25
-6.25
-6.2
-6.12
-6.05
-5.95
-5.8
-5.6
-5.4
-5.15
-4.8
-4.1
-3.5
-2.9
-2.6
-1.9
-1.3
-0.8
-0.35
-0.15
-0.005

E/V
0.9
0.88
0.86
0.84
0.82
0.8
0.78
0.76
0.74
0.72
0.7
0.68
0.66
0.64
0.62
0.6
0.58
0.56
0.54
0.52
0.5
0.48
0.45
0.4
0.35
0.3
0.25
0.2
0.15
0.12
0.1
0.08
0.06
0.04
0.02
0

j
0
-0.112
-0.225
-0.337
-0.561
-0.955
-1.404
-1.966
-2.416
-2.865
-3.427
-3.933
-4.438
-4.775
-5.393
-5.843
-6.180
-6.517
-6.798
-6.910
-7.079
-7.191
-7.331
-7.444
-7.528
-7.584
-7.584
-7.584
-7.584
-7.472
-7.303
-7.135
-6.854
-6.180
-5.393
-5.056

1
0
-1

0.05 M H2SO4
3600 rpm [20]
1900 rpm [31]

-2
-2

E/ V
0.14
0.19
0.24
0.29
0.34
0.39
0.44
0.49
0.54
0.56
0.59
0.61
0.64
0.66
0.68
0.70
0.72
0.75
0.77
0.79
0.80
0.82
0.84
0.86
0.89
0.91
0.94

Table 5

j / mA cm

Table 4

-3
-4
-5
-6
-7
-8
0.0

0.2

0.4

0.6

0.8

1.0

E / V vs RHE

Fig. 3 The I-E curves of oxygen reduction on bulk pcPt in
0.05 M H2SO4, circles - Table 4 ( Ref. [31], Fig. 4,
cathodic scan 10 mV/S, 1900 rpm); squares - Table 5
(ref. [20], cathodic scan, point-by-point, 3600 rpm)

study was made by
addition of +0.34 V. The tabulated data obtained from
the mentioned graph were presented in Table 4 and in
Fig. 3.

difference in the potentials of the ORR onset of the
magnitude order 100 mV illustrates the scatter of the
measured data in different laboratories.
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presented, but the electrolyte used was 1 M NaOH,
being out of the range considered in this study.
Tammeveski et al. [16,17] investigated ORR in 0.1 M
alkaline solution at room temperature on thin Pt films
deposited on metallic Ti or GC supports by vacuum
evaporation. Although Pt films might be different than
bulk Pt, the check the authors made by cyclic
voltammetry indicated for thicker films the behavior of
polycrystalline Pt, and therefore, in absence of other
literature data, the data for thick (10 nm) Pt films in ref
[16] were used in this study to represent bulk pcPt.
In ref. [16] the graph was presented of the I-E curve of
ORR obtained in oxygen saturated 0.1 M KOH on 10
nm thick Pt film evaporated on Ti support, at a
scanning rate 10 mV/s, and rotation rate 1900 rpm. The
authors found that this IE curve gave the Tafel plots
with two different slope regions: at low current
densities the slope was around -60 mV dec-1, whereas
at high current densities the slope was varying between
- 260 and -490 mV dec-1.
According to the ref [17], this I-E curve transformed to
the Tafel plot practically overlaps with the same plot of
bulk polycrystalline Pt, what justified its use in this
study.

c. ORR in 0.1 M Na0H (KOH)
There were no much investigations of ORR on smooth
polycrystalline platinum in alkaline solutions available
for this study. Two of relating papers describing
thoroughly derived experiments [34, 35], have not been
Table 6 I-E dependence for ORR on pcPt rotating
disc 0.1 M KOH – - tabulated data present the points
taken from the graph published in [16], for rotaton
rate 1900 rpm, polarisation rate 10 mV/s, unknown
sweep direction
Table 6
j
0
-0.239
-0.478
-0.876
-1.393
-2.388
-3.583
-4.14
-4.538
-4.777
-4.936
-5.056
-5.175
-5.255
-5.295
-5.414
-5.533
-5.613
-5.653
-5.693
-5.732
-5.732
-5.772
-5.812
-5.693

0

Pt10nm/Ti, 0.1M KOH, 1900 rpm

-1

-2

-2

j / mA cm

E/V
0.924
0.904
0.884
0.864
0.844
0.824
0.804
0.784
0.764
0.744
0.724
0.704
0.674
0.644
0.624
0.574
0.524
0.474
0.424
0.374
0.324
0.274
0.224
0.174
0.124

-3
-4
-5
-6
-0.2

0.0

0.2

0.4

0.6

0.8

1.0

E / V vs RHE

suitable to be considered here since either the
temperature or the electrolyte concentration were
incompatible with the conditions selected. The data in
[34], although relating to polycrystalline Pt rotating
disc in a wide range of KOH concentrations (0.1-6 M),
being presented in a form of Tafel plots with diffusion
corrected current densities, were unsuitable for the
conversion back to the original I-E voltammograms,
while in the paper [35] the I-E curves for ORR in 0.3
M KOH at 33 oC only were presented. In the paper of
Paliteiro et al [13,14] many valuable I-E data were

Fig. 4. I-E curves of ORR on 10 nm thick Pt film on Ti,
in oxygen saturated 0.1 M KOH solution; anodic scan
direction, 1900 rpm [16]

The units of the current axis in ref [16] were
milliamperes, which was converted to current density
units, using geometric surface area (0.01256 cm2)
notified in the paper. The potentials were originally
presented versus Hg/HgO, 0.1 M OH- reference
electrode, thus transformation to the RHE scale by
placing the zero of the potential axis for 0.926 V in the
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negative direction [32]. The tabulated data formed on
the basis of ref [16], Fig 5, were presented in Table 6,
and the tabulated data were converted again to the
graphical ones, presented in Fig. 4.

path with n = 4 in holds in almost whole potential
range of 0-1 V vs RHE, excepting a part below 0.2 V
vs. RHE. Consequently, the limiting diffusion current
density which is surely achieved between 0.2 and 0.4
V vs. RHE, should be identical for each platinum
catalyst in common electrolyte solution at a common
rotation rate. This agrees with the paper by Paulus et al
[33], which shows limiting diffusion current density for
both anodic and cathodic scan direction, identical to
that registered previously [15,22] for each low-index Pt
single-crystal plane. Therefore, the value of the
limiting current density at roughly 0.2-0.4 V may
serve as a simple criterion whether actual
measurements of ORR on polycrystalline Pt, is
reliable, or alternately, whether the process on any
other electrode materials involve 4 or less electrons per
a gross reaction.
The value of constant B may be predicted by
calculation, using literature values for concentration
and diffusion coefficient of molecular oxygen and
solution viscosity. According to the literature survey,
several sets of corresponding values were used.
For 0.1 M HClO4, Adzic et al. [36] used C = 0.00138
mM cm-3, D = 1.9×10-5 cm2 s-1 and ν = 0.00997 cm2 s-1,
while Sasaki et al. [6] used C = 0.00126 mM cm-3, D =
1.93×10-5 cm2 s-1 and ν = 0.01009 cm2 s-1.
For both 0.1M HClO4 and 0.05 M H2SO4 Sarapuu et al
[31] used C = 0.00122 mM cm-3, D = 1.93×10-5 cm2 s-1,
both taken from ref. [36], and ν = 0.01 cm2 s-1, taken
from ref. [37].
For 0.1 M KOH, Tammeveski et al. [16] used C =
0.00118 mM cm-3, D = 1.9×10-5 cm2 s-1 and ν = 0.01
cm2 s-1. Assuming n = 4, Tammeveski et al. [16],
calculated B = 0.000436 A cm-2 (2πs-1)-1/2 ( 0.436 mA
cm-2 rad-1/2 s1/2). If one uses SI units: C = 1.18 mol m-3,
D = 1.9×10-9 m2 s-1, and v = 1.10-6 m2 s-1, one gets
dimensionally different but actually identical value, B
= 4.36 A m-2 (2πs-1)-1/2. In Fig 5, the experimental
points published by Tammeveski et al. [16] are visibly
lower than those published in some other papers
[15,22,33], what may be attributed to specific form of
platinum catalyst (platinum islands probably
incompletely covering titanium support).
In Fig 5, the experimentally determined diffusion
limiting currents of ORR of various authors were
presented as the function of rotation rate. Not only Pt
but also other materials on which 4e- path of ORR was
evidenced, for instance Ag(111) [38] were considered.
In some cases [16, 20, 39] the ordinates of published IE curves were in units of currents strength, and the

B. Diffusion current of ORR in oxygen saturated
aqueous solutions 0.01 M HClO4, 0.05 M H2SO4 and
0.1 M KOH
In sufficiently deep cathodic polarization region, the IE curves of oxygen reduction show diffusion limited
plateau, the height of which depend on the rotation
rate. This dependence is described by famous and well
proven Lewich equation

jl  0.62nF 1 6 D2 / 3C1 2 (1)
where n is the number of electrons consumed in the
gross reaction, presents the kinematic viscosity, i.e.
viscosity divided by density, D is diffusion coefficient
of electroactive species, C its concentration, and  is
angular rotation frequency ( = 2f, where f is rotation
frequency). This equation may be drawn shortly as:

jl  B 1 / 2

(2)

The constant B was often used in literature in order to
prove the number of electrons n in ORR at various
catalytic materials, since it is commensurate to the
number of electrons involved in ORR.
In oxygen saturated diluted electrolyte solutions at
standard pressure and at a room temperature, the
oxygen concentration is very close to a constant which
varies very little with the nature of the electrolyte. For
commonly used 0.1 M concentrations of hydroxyl ions
(NaOH, KOH) for alkaline, and hydrogen ions (HClO4,
H2SO4) for acidic solution as supporting electrolytes
for investigation of O2 reduction, similar kinematic
viscosities, very close to that of pure water i.e., 0.01
cm2 s-1 may be assumed. The diffusivity of O2 in them
is similar, and thus diffusion coefficient may be
approximated by unique common values. Therefore,
whenever in a dilute aqueous solution at common
temperature and oxygen pressure the 4e- path of ORR
is realized (n=4), one may expect unique course of jl
vs. , i.e., unique value of constant B in Lewich
equation.
According to Markovic et al. [15, 22], and Damjanovic
et al. [20], on the basis of absence of any ring current
of ring-disc rotating electrode, on all low-index
crystallographic planes of Pt, as well as on pcPt, the
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current density was calculated on the basis of
geometric surface area, in order to adapt them for the
diagram shown in Fig. 5.
Because of the scatter of the relevant data (C, D and )
used by various authors, most sure way to determine B
is its direct experimental determination. The
experimentally determined values of jl at various
rotating rates in oxygen saturated 0.1 M HClO4 solution
from recent data of well equipped laboratories [15,
22,33] revealed to calculate experimental value of B.
amounting to 0.448 mA cm-2(2s-1)-1/2. For 0.1 M
KOH solution, the experimental value obtained from

scientific journal. For instance, in the review [15, Fig
34], for ORR on pcPt disc in 0.05 M H2SO4 and 0.1M
KOH at 900 rpm, limiting current density, IL = 1.25
mA cm-2 was reported, while ref. [27] was assigned as
the source of data. From Fig. 4 is however clear that
the exact value should not be much different from 4.5
mA cm-2. The value of diffusion current reported by
Machedo et al. [39], as Fig. 5 shows (curve I), are
obviously underestimated, although the I-E curves they
published display a fair diffusion plateau.
Drastically overestimated diffusion current for ORR at
rotating platinum disc in O2 saturated 0.5M H2SO4

10
9
8

j / mA cm

-2

7
6

B
C
D
E
F
G
H
I

5
4
3
2
1
0
0

1000

2000

3000

4000

5000

rotation rate / rpm

Fig. 5. Limiting current density versus rotation frequency (rpm) for ORR on polycrystalline Pt (with the one exception:
symbols C are for Ag(111)) rotation disc electrode in the potential region of diffusion control :
B - 01 M HClO4 [15]; C- 0.1 M KOH, Ag (111)[38]; D- 0.1M HClO4, 50 mVs-1 [40]; E - 0.1M KOH, 10 mVs-1 [16]
F- 0.1 M HClO4 20 mVs-1 [33]; G- 0.05 M H2SO4 [20]; H- 0.1 M H2SO4, [31]; I - 0.2 M HClO4, 40 mVs-1 [39]

the data of ref. [16] and [38] are 0.410 and 0.420 mA
cm-2(2s-1)-1/2, respectively.
Using the value B = 0.430 mA m-2 (2πs-1)-1/2 as a mean
value valid for 0.1 M, acidic or alkaline solution, as the
criterion of accuracy, one can easily perceive obvious
mistakes, either in experimental procedure or in results
presentation, permitted sometime in even serious

solution at room temperature and 2500 rpm, exceeding
20 mA cm-2, was reported by Hernandez-Fernández et
al. [41], which is obviously far above the possible
value.
One should have in mind that the increase in electrolyte
concentration from 0.1 KOH to 1M KOH, may
significantly influence the B value. For instance, Zinola
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et al [42] studied kinetics and mechanism of ORR on
platinum in 1 M KOH solution. The concentration of
oxygen in 1 M KOH (0.843.10-6 mol cm-3), the
diffusion coefficient of oxygen (1.43.10-5 cm2 s-1) and
the kinematic viscosity (0.01128 cm2 s-1) , with n = 4,
lead to a relatively low value of B of 0.251 mA cm-2
rad-1/2 s-1/2. They used the references [43] and [44] as
the source of data for diffusion coefficients and
equilibrium concentration of dissolved molecular
oxygen, respectively, where the data for other alkaline
concentrations may be found too.

of Science and Arts which funded the study through the
project “Electrocatalysis in the contemporary processes
of energy conversion”.
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Chemical Mixtures that Sort Themselves
Ognjen Š. Miljanić

Abstract — Self-sorting represents spontaneous
simplification of complex systems into a set of smaller
sub-systems. Chemical self-sorting processes are
interesting as models for behaviour of biological
systems, amplifying sensors, and precursors for
expedient syntheses of complex organic and inorganic
molecules. This paper will give an introduction to the
physicochemical
principles
behind
the
thermodynamically and kinetically controlled self-sorting
phenomena in organic and inorganic chemistry, and will
illustrate both classes with an example.
Keywords — Self-sorting, Dynamic combinatorial
chemistry, Imines, Curtin-Hammett principle

1. INTRODUCTION
Nature is a continuous source of inspiration for
synthetic chemists, on account of both the complexity of
the naturally occurring compounds and the apparent
ease with which these compounds are synthesized [1].
Living organisms are grandmasters of chemoselectivity:
the ability to selectively react only one functional group
in only one compound, in the presence of numerous
potentially competing functionalities [2] in other
components of the cellular medium. This exquisite
control was brought about by eons of evolution, which
developed enzymes capable of selectively accelerating
reaction of one substrate, often by five or more orders
of magnitude relative to even closely related
compounds. Enzymatic selectivity allows metabolic
processes to proceed within a chemically incredibly
complex cellular medium, with virtually no interference
among different pathways.
In the laboratory, researchers typically seek catalysts
with a broad substrate scope, and not substrateexclusive
species
analogous
to
enzymes.
Consequently, these general catalysts cannot compete
with natural enzymes in their chemoselectivity, and
laboratory syntheses necessitate a somewhat more
reductionist strategy. In a typical preparative reaction,
two compounds of high purity (>95%) are combined in
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pure solvents (often completely free of oxygen and
moisture) and left to react. Such extensive focus on
purity is required to minimize the formation of side
products that could interfere with—or completely shut
down—subsequent synthetic transformations [3]. Often
times, the competing functionality is present in the very
molecule that undergoes the desired reaction. In such
cases, so-called protecting groups [4] are used to
temporarily block the reactivity of all groups except the
one that is desired to react. Introduction and
subsequent removal of protecting groups adds at least
two additional steps to the synthesis.
Thus, synthetic chemistry finds itself in a curious
paradox:
purifications
and
protecting
group
manipulations—and not the bond-forming chemical
reactions themselves!—take the centre stage during a
day-to-day operation of the synthetic laboratory, and
much labour, materials, and energy is expended on the
preparation of pure materials.

2. WHAT IS SELF-SORTING?
High selectivity of enzymes effectively self-sorts
metabolic pathways in a cell, allowing them to proceed
simultaneously, but without interference with each
other. Self-sorting has been defined as the preferential
recognition of self from non-self [5]. In the context of
this definition, "self" can be much more than a single
chemical compound: for example, all components of a
given metabolic pathway would constitute a part of a
larger "self". For the purposes of this discussion, selfsorting is more conveniently viewed as spontaneous
simplification of a large system into a set of smaller
sub-systems [6]. Self-sorting processes can be divided
into two general classes, operating under either
thermodynamic or kinetic control [5]. Chemists are
increasingly starting to pay attention to self-sorting
processes, as these are thought to be interesting
models for biological systems, self-amplifying sensors,
and precursors to expedient synthesis of molecules of
significant complexity.
This paper will briefly and qualitatively discuss the
physicochemical principles behind the thermodynamic
and kinetic self-sorting processes, and will illustrate
each class with an example from recent literature.

Cartoon representations in Figure 1 will be used to
introduce the general concepts. Consider four building
blocks—represented by two semicircles (yellow and
blue) and two triangles (also yellow and blue)—that
react only with a building block of the opposite colour in
a 1:1 ratio. In such a scenario, four products are
possible. Two of these products are matched—in that
two semicircles combine into a circle and two triangles
into a square, and the other two semicircle–triangle
combinations are mismatched. An initial reaction makes
all four products in a more-or-less random ratio. Let us
also assume that matched combinations are
thermodynamically more stable than the mismatched
ones (and thus reside in deeper energy wells in Figure
1). Figure 1 illustrates three different situations that can
arise depending on the energy profiles of these
reactions. If matched and mismatched products cannot
interconvert (barrier is too high, Figure 1—left), then the
mixture will retain its original composition with all four
products. This situation is very common in preparative
chemistry: side products are formed alongside desired
products and, since they can no longer be converted
into the desired material, separation is necessary.
However, if the barrier for matched–mismatched
conversion is sufficiently lowered, the four products will
freely interconvert under the reaction conditions.
Eventually, equilibrium will be established, and the
matched/mismatched distribution will be determined by
−(ΔG/RT)
their relative free energies: Keq = e
[7]. Relatively
small differences in stability can translate into Keq's
larger than 100, meaning that mismatched
combinations will essentially be absent from the
equilibrium mixture. In effect, such a mixture will selfsort, since only two of the possible four combinations of
products will remain at the end of the reaction. Since
the sorting was based exclusively on the
thermodynamic stabilities of the potential products, this
phenomenon is described as thermodynamic selfsorting (Figure 1, center).
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Quite a different situation will occur if there is an "exit
path" available to the equilibrating mixture, typically in
the form of a slow irreversible reaction (Figure 1, right).
The barrier for this irreversible reaction is reachable,
but still significantly higher than the barrier for
interconversion between matched and mismatched
products. Thus, the equilibration proceeds much faster
than the "exit path" reaction. In that case, so-called
Curtin-Hammett principle [8] applies, dictating that the
final product distribution will be determined not by the
position of the equilibrium, but just by the relative
barriers of the different "exit paths". In effect, the
irreversible reaction will amplify the most reactive
species at the expense of all others components of the
mixture, even if some of these components are more
stable! This would be a description of kinetic selfsorting, which is less common than its thermodynamic
counterpart, but more relevant as a biological model—
since living systems operate far from equilibrium.
Although thermodynamic and kinetic self-sorting
operate on different principles, they share one practical
advantage over reactions that exhibit no self-sorting.
Namely, in self-sorting systems, synthesis of welldefined products can be achieved even starting from
mixtures where many precursors have competing
reactivity.

3. THERMODYNAMIC SELF-SORTING
In thermodynamically controlled self-sorting systems,
final state of the mixture is the most stable
configuration of the system. This thermodynamic
minimum will eventually be reached, provided that the
barriers leading to that state are easily passable
(Figure 1, center). Reversibility is most commonly
achieved through the use of supramolecular
interactions or through reversible formation of covalent
bonds [9]. One of the most commonly studied
reversible covalent bonds is the imine exchange

(Figure 2), in which two imines exchange their
substituents around the C=N double bond. In the
absence of significant external stimuli, stabilities of
most imines are comparable and random mixtures
result. However, if a certain component of the imine
mixture is stabilized—for example, by coordination to a
transition metal—the position of equilibrium will change
to favour that compound at the expense of all other
species in the mixture.

which different mixture components
irreversible reaction (Figure 1, right).
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Imines are generally unstable compounds in aqueous
solution as they quickly hydrolyze; copper(I) is also
readily oxidized into copper(II) or disproportionated.
However, in their coordination complexes, Cu(I) and
imines stabilize each other and their complexes are
tolerant to both air and moisture. Nitschke and coworkers [10] utilized this synergistic stabilization to
demonstrate copper(I)-induced simplification (Figure 3)
of a mixture of five imines 1–5 into just two imine-metal
complexes: 3∙Cu+ and 22∙Cu+. The key to this selfsorting transformation was the satisfaction of all
coordination valences: all copper(I) ions are
tetracoordinate and all of the ligands’ nitrogen atoms
are bound to copper centers. Any other structures
formed from this mixture of subcomponents would
either contain more than one metal center (entropically
disfavored) or have unsatisfied valences at either metal
or ligand (enthalpically disfavored).
Nitschke's work is just one of the many recent
examples of thermodynamically controlled self-sorting.
Isaacs and co-workers [5] demonstrated selective selfsorting of a mixture of twelve components into six
discrete supramolecular complexes, in a process
mediated by hydrogen bonding, ion–dipole, metal–
ligand, and charge–transfer interactions. Schalley et al.
[11] utilized hydrogen bonding to develop integrative
self-sorting systems, where several different selfsorting events occur in a programmed sequence to
yield highly complex mechanically interlocked
structures with excellent selectivity.

4. KINETIC SELF-SORTING
The biggest advantage of thermodynamic self-sorting is
at the same time its biggest caveat: thermodynamic
self-sorting is limited to compounds that are
exceptionally stable. Can an equilibrating mixture be
engineered to preferentially express its less stable
components? The answer lies in the alternative process
of kinetic self-sorting, which sorts mixtures based not
on their relative stabilities, but on the relative rates at
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Figure 3. Thermodynamic self-sorting of a mixture of five
equilibrating imines produces two well-defined Cu(I)-imine
complexes.

In our recent work [12], four equilibrating imines 6–9
(Figure 4) were exposed to a slow oxidation reaction
that can transform any one of these compounds into
their closed-ring benzimidazole and benzoxazole
analogs. The oxidation rate differs for the four
compounds; as expected, the most electron rich imine 6
(red in Figure 4) oxidizes fastest, while the most
electron-poor imine 9 (blue in Figure 4) oxidizes
slowest. Oxidation of 6 into its benzimidazole product
10 depletes it from the reaction mixture, and
compounds 7 and 8 equilibrate to produce more of it.

Eventually, 7 and 8 are completely exhausted from the
mixture, and the only remaining imine is the electronpoor 9. Its final oxidation produces benzoxazole 11.
This kinetic self-sorting process expresses the least
prominent imine in the equilibrium mixture—at the
expense of the more stable counterparts. The use of
iodine—as a weak oxidant—is crucial; if oxidation was
faster than imine exchange, the equilibrium ratios of
imines would be translated into the final ratios of
products.
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hydrogen bonds or donor-acceptor interactions. Studies
of self-sorting processes are a fertile testing ground for
the application of very elementary concepts of chemical
kinetics and thermodynamics in a very novel context.
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5. CONCLUSIONS AND FUTURE DIRECTIONS
Self-sorting processes will not replace the current
paradigms of synthetic chemistry in the near future. The
chief reason lies in their reliance on freely reversible
reactions, and there are relatively few examples of
those. Most significantly, carbon–carbon bond-forming
reactions that are often viewed as the cornerstone of
organic chemistry rarely proceed in a reversible
fashion. Self-sorting is, however, beginning to play a
role in the construction of self-assembled architectures
that are designed to be thermodynamically more stable
than their alternatives, often through the presence of
stabilizing supramolecular interactions such as
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Procedure and Mathematical Formalism for Determining
Deuterium Content in Some Water-Soluble Hydrogen
Compounds by Laser Spectroscopy (OA-ICOS)
Stoševski Ivan, Andrić Jelena, and Miljanić Šćepan
Abstract – In this paper, the method for determining D/H
ratio in the solid potassium hydroxide by the laser gas
analyzer based on Off-Axis Integrated-Cavity Output
Spectroscopy (OA-ICOS) is proposed. Potassium
hydroxide was used as the model molecule, because it
is commonly utilized for making electrolytes in water
electrolyzes, which are known by their high isotope
enrichment efficiency. The practical part of the method
is simple, and consists of preparation of two potassium
hydroxide solutions with water samples that have
different but known deuterium contents. Water from the
solutions are then quantitatively distilled and analyzed
by OA-ICOS system. Prior to that, the water samples
used for making the solutions must also be analyzed in
the same way. Using values of D/H ratio obtained for
these four samples, and chemical concentrations of
potassium hydroxide in the solutions, the formulae for
calculating the deuterium concentration in potassium
hydroxide were derived. This method is applicable to all
hydrogen compounds soluble in water that can
chemically exchange hydrogen isotopes with water.

Keywords: Isotope analysis, Deuterium, Hydrogen
compounds, Potassium hydroxide, OA-ICOS

1. INTRODUCTION
There is a variety of needs arising from the practice, to
determine the isotope composition of a compound.
Hydrogen and its compounds, as well as its isotopes
(especially deuterium-D), have great significance in
different areas of human activities, like nuclear
technologies,
environmental
protection,
food
production etc. That is why the need for an efficient
and suitable method of D/H isotope analysis is always
current. For this purpose, different methods have been
used, such as mass spectrometry, densitometry, IR
spectrophotometry [1], laser absorption spectroscopy
(OA-ICOS, CRDS) etc. Which method will be used
always depends on particular system, as well as on
the material resources of a laboratory. The method
presented in this work was developed having in mind
its application in the laser gas analyzers based on the
Off-Axis Integrated-Cavity Output Spectroscopy (OAICOS) [2].
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University of Belgrade – Faculty of Physical Chemistry, Belgrade,
Serbia, Corresponding author Š. Miljanić; e-mail: epan@ffh.bg.ac.rs

31

One illustrative example that led to developing of a
specific method for isotope D/H analysis, originated
from a hydrogen energy concept. One of the hydrogen
energy concepts, considered to achieve storage of
energy, is based on a two-step cycle [3]: production of
hydrogen by water electrolysis to store electrical
energy, and transfer a part of the stored energy back
to electrical energy when necessary, via fuel cells. In
both processes one hydrogen compound is transferred
to another. That transformation is always accompanied
by changes in the deuterium-to-protium isotope ratios,
i.e. corresponding isotope effects. The hydrogen
isotope effect during electrolysis has long been known,
but fractionation of hydrogen isotopes in PEM fuel
cells, although expected, has been discovered only
recently [4].
To investigate hydrogen isotope effects in the proper
way and to determine the isotope separation factors of
1
these processes , it is necessary to have reliable
analytical methods for the determination of deuterium
content in water, in electrolyzed electrolyte and in the
gas-phase hydrogen. For instance, to obtain isotope
separation factors for electrolysis it is necessary to
determine D/H ratios of the produced hydrogen gas
and of the remaining electrolyte. Gas phase hydrogen
can be analyzed directly by mass spectrometry, but
that method is complex and requires expensive
equipment. However, if the hydrogen is quantitatively
transformed into water on a suitable catalyst, created
water can easily be analyzed by the OA-ICOS method.
Water isotope assays with the analyzers based on OAICOS have a number of advantages over the
conventional stable isotope-ratio mass spectrometers
(IRMS) [5], although there are some disadvantages
too. Some of the advantages are direct measurements
of water samples, simple design, low power; the
instrument is relatively cheap and requires nothing
more than dry air as a carrier. Also, OA-ICOS laser
technology for the isotope measurement of liquid water
samples yields equivalent or better accuracy and
1
The separation factor (α) is a fundamental measure of the
separation efficiency of a specific process. This factor is defined by
the following equation:

α

x'

:

x"

1 x ' 1 x"
where x' and x" are atom fractions of D (desired isotope) in the
heads stream (enriched) and the tails stream (depleted), while (1 –
x') and (1 - x") are corresponding fractions of H, respectively.

precision for D than current IRMS-based methods [6,
7]. The basis of OA-ICOS has been presented in [2]
and references therein.

which is immersed in liquid nitrogen. The distilled
water is then collected and analyzed. The same
procedure is repeated for the second solution.

Potassium hydroxide has commonly been used for
electrolytes in industrial electrolyzes worldwide, for
decades. That is why it was chosen as a typical
example in this work. For estimating the D/H ratio in
the electrolyte solution it is necessary to know the
concentration of deuterium in both potassium
hydroxide and water from which electrolyte solution is
made.

Collected water samples and calibrated standard
waters are individually injected into liquid autosampler
and transferred as vapor to the optical cavity, where
laser absorption specific to the isotope composition is
measured.

The main purpose of this work was an idea to develop
a consistent model-method for determining the D/H
ratio in solid potassium hydroxide by OA-ICOS laser
gas analyzer. It is based on the assumption of isotope
equilibration between potassium hydroxide and water
in the aqueous solution. A central problem of the work
was how to calculate deuterium concentration in the
potassium hydroxide from measured data. It was
solved by deriving main formulae and describing the
procedure for their use. This method is applicable to all
water soluble hydrogen compounds that can
chemically exchange hydrogen isotopes with water.
Good examples are strong acids and bases. The
procedure is described in details below.

Concentrations of deuterium in four water samples
(two before making the solutions and two after making
the solutions and their distillation) are required for the
calculation of deuterium concentration in the solid
potassium hydroxide.

2.1 CALCULATION OF D/H RATIOS
To determine the concentration of deuterium in
potassium hydroxide the calculation is derived.
Requested concentration is obtained by using four
measured values of D/H ratios in water samples. The
method of calculation is given below.
Before making the solutions, relationships for mole
fractions of deuterium and protium can be expressed
as:
(D)KOH + (H)KOH = 1

2. MATERIALS AND METHODS

(D)H2O +

(H)H2O = 1

It is necessary to have two different aqueous solutions
of the potassium hydroxide, each one made with water
of different and known deuterium content. That would
be the first step of the procedure. The solutions should
then be quantitatively distilled and D/H ratios in
collected water samples determined by OA-ICOS
system.

(D)H2O +

(H)H2O = 1

where (D)KOH and (H)KOH are the mole fractions of
deuterium and protium in solid potassium hydroxide,
and (D)H2O ,
(H)H2O , (D)H2O , and (H)H2O are the
mole fractions of deuterium and protium in two distilled
waters with different contents of deuterium, which are
used for the preparations of the solutions.
After making the solutions and their distillation,
relationships for mole fractions of deuterium and
protium can be expressed as:
(D)H2O +

(H)H2O = 1

(D)KOH +

(H)KOH = 1

(D)H2O +

(H)H2O = 1

(D)KOH +

(H)KOH = 1

where
(D)H2O ,
(H)H2O ,
(D)KOH and
(H)KOH are
the mole fractions of deuterium and protium in distilled
water and solid potassium hydroxide from the solution
1, and
(D)H2O ,
(H)H2O,
(D)KOH and
(H)KOH are
the mole fractions of the isotopes of distillates created
from solution 2.

Figure 1. Schematic representation of a distillation
apparatus.
One of the solutions is put into the right vessel
attached to a vacuum line (Figure 1), frozen with liquid
nitrogen and pumped out. After that, the valve to the
vacuum is closed and water from the solution is
distilled entirely, and condensed into the left vessel,
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In this case, the law of conservation of mass can be
defined as:
(D)H2O +

(D)KOH =

(D)H2O +

(D)KOH

(1)

(D)H2O +

(D)KOH =

(D)H2O +

(D)KOH

are introduced:

(2)

where n stands for the amounts of deuterium in water
and solid potassium hydroxide (in the amount of water
and solid potassium hydroxide from which solutions
are made) before the preparation of the solutions, and
n′ represents the amount of deuterium after distillation.
The equivalent relationships are valid for protium.
Instead of the amounts from the equations (1), (2) and
equivalent equations for protium, multiplications of
appropriate mole fractions of D and H and total amount
of hydrogen isotopes in water
potassium hydroxide

 2n

1

 n1KOH , n 2 KOH 

H2O

, 2n 2 H O
2



and

are replaced. For

example, the equations:
(D)

=2

(D)

2n1H O

 x1  D  H O  x '1  D  H O   x  D  KOH

n1KOH 

c2 
2n1H O
 x1  H  H O  x '1  H H O   x  H KOH

n1KOH 
2

(D)KOH =
(H)KOH =
(H)KOH =

2

2

2

2n 2 H O

 x2  D  H O  x '2  D  H O   x  D  KOH

n 2 KOH 

c1
2n 2 H O
 x2  H  H O  x '2  H H O   x  H KOH

n 2 KOH 
2

2

2

2

2

2

Since it is:

2n1H O

 x1  D H O  x '1  D  H O  

n1KOH 

(D)KOH

2

2

set up the relationships between the mole fractions of
the isotopes before the preparation of the solutions
and after distillation:
(D)KOH =

2

2

and
(D)KOH =

2

(D)

−

(D)

+ (D)KOH

(D)

−

(D)

+ (D)KOH

(H)

−

(H)

+ (H)KOH



2

2n1H O

 x1  H H O  x '1  H H O   a

n1KOH 
2

2

2
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2n 2 H O

2
2
2

(H)

(H)

−

 x2  D H O  x '2  D H O  

n 2 KOH 
2

2



+ (H)KOH

=

.

(D)H2O⁄

(D)KOH
(H)KOH
(D)H2O
(H)H2O

(D)H2O⁄

a  x  D  KOH
a  x  H  KOH

c2 

b  x  D KOH
b  x  H  KOH

c1

  a  x  H  KOH   b  x  H KOH 
and rearranging it, the previous equation becomes:

 ac1  bc2  x  D KOH   c2  c1  x  D KOH x  H KOH 
  ac2  bc1  x  H  KOH  ab  c2  c1 

(H)H2O

By introducing the substitution:

x  H  KOH  1  x  D KOH
in the previous equation and rearranging it, the
equation transforms into:

and
=



2

Multiplying both sides of the equation by:

The equations which represent the relations between
the mole fractions of the isotopes before and after
distillation are replaced into the previous equation, and
for simplicity, the substitutes:
=

2

the previous equation is transformed into:

Based on the definition of a separation factor, previous
relationship can be expressed as:
(D)KOH
(H)KOH
=
(D)H2O
(H)H2O



x2  H  H O  x '2  H H O   b
n 2 KOH 
2

It is considered that the common separation factors of
dissolving and distillation of the solutions were the
same:
=

2n 2 H O

2

(H)H2O

33

A comprehensive theoretical study of the procedure
was made and main formulae for calculating the
deuterium concentration were derived, for the
potassium hydroxide as the model molecule.

 c2  c1  x 2  D KOH   b  a  1 c2  c1  x  D  KOH 
  ab  c2  c1   ac2  bc1   0
The solutions of this quadratic equation are:

x  D KOH(1/2) 

The proposed procedure is simple and inexpensive. It
assumes making two water solutions of the
investigated substance and isotope analysis of four
water samples by OA-ICOS system. The next step in
developing this method would be experimental proving
the derived formulae.

 B  B 2  4 AC
2A

where A, B and C are:

A  c2  c1
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C  ab  c2  c1   ac2  bc1
Two values for (D)KOH are obtained, but only the one
of them has a physical meaning.
The calculation is derived only for determining the
content of D in potassium hydroxide; however it can be
easily applied to other hydrogen compounds. It can be
done formally by replacing all indices of potassium
hydroxide for those indices of the investigated
compound, while the only change which has influence
on the result is the replacement of KOH with the total
amount of the hydrogen isotopes in that chemical
compound. For example, if Ca(OH)2 H2SO4 is the
case, then relation (D)KOH = KOH (D)KOH
will be
replaced with equation:

2

(D)

=2
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