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Enhancement of Photochemical Heterogeneous Water Oxidation
by Manganese Based Soft oxometalate Immobilized on Graphene
Oxide Matrix

Santu Das, Archismita Misra, Soumyajit Roy*

Development of efficient and oxidatively stable molecular catalysts having abundant transition metals at active site is an
immediate challenge to synthetic chemists in order to photochemically split water into clean fuels oxygen and hydrogen to
serve ever-increasing energy demand. Herein we report a soft-oxometalate (SOM)-based heterogeneous photocatalytic
system which effectively performs water oxidation giving oxygen. In the present work we placed a double sandwich type
manganese-based molecular polyoxometalate (POM), Na;7[MngP3W24044(H,0),].43H,0 on an electro active graphene
oxide matrix and synthesized a new SOM [Na;;[MngP3W,4004(H,0),].43H,0@ graphene oxide] 1 and performed water
oxidation with it. The efficiency of the photocatalytic water oxidation by SOM 1 is almost double than in the case of
Na;7[MngP3W,4004(H,0),].43H,0 alone. The rationale lies in the electron accepting nature of the graphene sheets which
effectively relay the electrons generated in the water oxidation reaction, thus facilitating the forward reaction and
increasing the oxygen yield. Variation of the catalyst-loading, pH and time-dependent experiments are performed on
photo catalytic water-splitting. The reaction kinetics is sigmoidal in nature and exhibits the heterogeneous nature of

catalysis. The composite catalyst system is observed to be stable towards the reaction conditions.

Introduction

Water oxidation is one of the most promising routes towards the
global goal of alternative energy“. Many research groups have
developed robust catalysts for efficient water oxidation®”. Recently
chemists are interested to develop molecular water oxidation
catalysts by using cheap and abundant transition metals® 2.
Different chemical species are used as catalysts for that purpose
e.g. metal organic complexesg'u, nanomaterialszs'zg; and recently
developed ponoxometaIatesG’ 8 3042 Polyoxometalates (POM) show
higher stability in oxidizing environment compared to metal-organic
complexes where organic ligands tend to get easily oxidized and
thus offer better catalyst stability. Different routes of water splitting
have been explored, such as chemical® 10, electrochemical
methods® ®*  and photoelectrochemicaI46'52. However,
photochemical water oxidation seems to be the most facile and
clean techniques‘ 13,353,354

Recent challenge in photochemical water oxidation by
polyoxometalates is to enhance the oxygen generation and increase
the Turnover Number (TON) of the reaction™® . Till now a iridium
based complex shows the maximum TON reported by Crabtree and
Brudvig . We are interested to observe whether reaction
efficiency can be enhanced without changing the active center of
catalyst. It is known that POMs can easily be immobilized on the
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electro active surface to form stable composite systemss. So, we ask
is it possible to employ related composite system to perform water
oxidation experimentszg’ 3,575

Recently, Hill group developed a similar method using graphene
modified electrodes and ruthenium based POM as active catalyst57.
The graphene modified electrodes shows excellent catalytic activity
and high stability toward the electrochemical water oxidation
reaction at neutral pH. This work showed enhanced water oxidation
reaction eIectrochemicalIy57. Here we ask, is it possible to make a
soft oxometalate®® **® based on polyoxometalate-graphene oxide
to enhance the efficiency of photochemical water oxidation?

In our present work we use a manganese based polyoxometalate
Na17[MngP3W,,004(H,0),].43H,0  and synthesize a SOM 1 by
immobilizing it on a graphene oxide surface
[Nay7[MngP3W,40494(H,0),].43H,0 @ graphene oxide ] 1. This
catalyst shows a turnover number of 22 at pH 8 for WO reaction.
This SOM 1 dispersion is prepared by sonication. Formation of
composite is confirmed by Raman spectrum, SEM images and EDX.
Finally we use this SOM as a photo-catalyst in water oxidation (Fig.
1). Interestingly, we observe that in presence of graphene oxide
matrix water oxidation activity of Mn-POM is almost doubled.
Detailed account of synthesis, characterization of composite
catalyst and of observation related to photochemical water
oxidation studies are described in the following sections.
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Fig. 1 Schematic diagram of the overall process.

Result and Discussion

Formation of the SOM 1 Composite based on Graphene Oxide
SOM 1 is prepared by following the classical route of immobilization
of POM on an electro active surface™. In our present study we
initially prepared graphene oxide dispersion in water, to this
dispersion Na;7[MngP3;W,,044(H,0),].43H,0 (Fig. 2) was added and
the mixture was sonicated to finally get the composite SOM 1,
which forms a stable dispersion. Composite formation was
characterized by using Raman spectroscopy, SEM images and EDX
spectrum.

Fig. 2 Single crystal structure of POM constituent of SOM 1.

Scanning Electron Microscopy (SEM): Morphology of SOM 1

GO shows nano sheet type morphology. It is observed from
scanning electron microscopy (Fig. 3a). The SOM 1 shows
nanospheres embedded on graphene oxide layers (Fig. 3b). The
white bright spot indicate the clustering of POM, suggesting that
POM units are may attached to the surface of GO by electrostatic
interaction, as GO has electron deficient surface (positively
charged) and POM are large polyanion (negatively charged). This
further indicates the formation of composite in the reaction system.

2| J. Name., 2012, 00, 1-3

From the EDX data we can also infer that the molecular integrity of
POM is intact in SOM 1. [Note: manganese, phosphorus and
tungsten are present in expected correct ratio of POM in SOM 1(Fig.
3c).]
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Fig. 3 SEM images of a) Graphene oxide surface. b) SOM 1, defined
by aggregate nanospherical POMs immobilized on the graphene
oxide layers. c) EDX spectrum of SOM 1.
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HATR-IR Spectroscopy and Stability of POM in SOM 1

HATR-IR spectroscopy of SOM 1 and also HATR-IR spectroscopy of
the POM constituent were performed. It was observed that few
broad bands were obtained in each case in the IR spectrum. This
broadness is possibly due to the low concentration of the sample in
dispersion. Here we observed common peaks for POM and SOM 1
at 1637, 693, 569, 496 cm? respectively (Fig. 4a). Thus from the IR-
spectrum we can conclude that the POM constituent remain intact
in the SOM 1 and stable after composite formation and no catalyst
is degraded at all. We further performed the UV-VIS spectroscopy
to check in change in energy gap in POM constituent after the
composite formation.

UV-VIS Spectroscopy of POM Constituent and SOM 1.

We performed the UV-VIS spectroscopy of SOM 1 and POM
constituent in water. For both POM and SOM 1 we got absorbance
the maxima at 250 nm (Fig. 4b). Thus it may be concluded that the
band gap of the POM constituent does not change in composite
SOM 1. Which further proves the stability of POM constituent in
SOM 1 because if it was dissociated to other cluster unit then there
should have been clear difference in the UV-VIS spectrum obtained.

Raman Spectroscopy and the Nature of SOM 1

We now want to show the effective formation of SOM. Raman
Spectra (Fig. 4c) of the Na;;[MngP3W,,044(H,0),].43H,0, graphene
oxide and the SOM 1 composite were taken, for SOM 1 we
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observed 4 peaks at 516, 949, 1379, 1628 em? respectively. We
assign those peak as following: 516(Va, mn-0), 949(vw-0) and the
other two peaks at 1379 and 1628 cm™ for disorder and graphitic
nature of graphene oxide respectively. These peaks are blue shifted
compared to that of the spectrum of graphene oxide and
Nal7[Mn6P3W24094(H20)2].43H20 alone.

Raman spectrum of Na;;[MngP3W,,044(H,0),].43H,0 shows peaks
at 495 and 927 cm™ that can be attributed to following modes: (v,
mn-0), (Vw=0)- The characteristic peaks at 1371 and 1618 em™ are on
the other hand due to disorder and graphitic nature of graphene
oxide respectively. This shift in spectrum might indicate that there
may be possible presence of interaction between POM and
graphene oxide layer in SOM 1. In our system electrons are
probably transferred from Na;;[MngPsW,4064(H,0),].43H,0 to
graphene oxide®® ®. This was further explained by CV. We conclude
from this shift that in SOM 1, graphene oxide may act as electron
acceptor and Nai;[MngP3W,,044(H,0),].43H,0 may act as electron
donor. Raman spectrum also reveals that SOM 1 is not a physical
mixture of both constituents’ graphene oxide and POM but an
assembly of the two in molecular level.

Cyclic Voltammogram of the Catalyst

To further monitor the stability of POM constituent in SOM 1 we
performed CV of SOM 1 and compare it with CV of POM constituent
of SOM 1 (Fig. 4d) and it is clearly observed that both are identical,
which indicate that redox behavior of POM constituent in SOM 1
remain unaltered and we can also conclude that POM constituent is
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stable after composite formation. Also we observed that peak
current enhanced for SOM 1 which further indicate facile electron
transport from POM constituent to GO surface.

Photochemical Water Splitting

Photochemical water splitting experiments were performed under
UV lamp (Amax= 373 nm) with composite catalyst system. The
composites were prepared as mentioned in the previous section.
The oxygen evolution was monitored by YSI optical sensor based
dissolved oxygen meter and also by cyclic voltammetry. The
maximum obtained oxygen is 19.2 umol for 20% SOM 1 loading at
pH=8 in phosphate buffer. The graphene oxide acts as electron
acceptor and traps the electrons released in the water oxidation
reaction and facilitates electron transport as well.

Confirmation of Water Oxidation and the Effect of Graphene
Oxide

In our present work SOM 1 absorbed light and go to the excited
state, this excited SOM 1 generated hole and electron pair, this hole
oxidized water to oxygen in presence of light. After photo
illumination Quantitative determination of evolved oxygen was
performed by sensing the evolved oxygen (Fig. 5c) using YSI optical
sensor based dissolved oxygen meter. For further confirmation of
evolution of oxygen cyclic voltammetry (Fig. 5a) was performed by
taking the samples after photo irradiation, where a sudden rise of
current was observed near +1.2 V with respect to Ag/AgCl reference
electrode indicative of oxygen evolution from water. It implies
oxidation of water.
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Fig. 4 a) HATR-IR spectroscopy of POM constituent, GO, and SOM 1. b) UV-VIS spectroscopy of POM constituent of SOM 1 and SOM
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1 and the POM constituent of SOM 1.

1. c) Raman Spectra of the POM unit. Na;;[MngP3W,4044(H,0),].43H,0, graphene oxide and SOM 1. d) Cyclic Voltammogram of SOM
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Fig. 5 a) Cyclic Voltammogram of the water oxidation study by the POM Na;;[MngP3;W,,044(H,0),].43H,0 and SOM 1. b) Extent of
oxygen liberated with variation in graphene oxide-loading with constant Na;;[MngP3W,,044(H,0),].43H,0 concentration. c)
Comparative oxygen evolution by the POM Naj;[MngPsW,,044(H,0),].43H,0 only and SOM 1. d) Variation of oxygen yield with pH.

We observe the extent of oxygen evolution is almost doubled in
case of the SOM 1 composite catalyst as compared to water
oxidation by Na;;[MngP3W,,044(H,0),].43H,0 alone. Using POM
alone the maximum amount of oxygen liberated is almost 3.2 umol
for 0.071 umol loading of the catalyst, with a TON of
around 46, whereas in case of SOM 1 composite catalyst system the
amount of O, evolved is almost 6.5 umol for 0.071 pmol loading of
the catalyst with TON of 92, which is roughly double than that of
the POM alone. We thus investigate the role of graphene oxide on
water oxidation.

In the next set of experiments, Naj;[MngP3W,,044(H,0),].43H,0
loading was kept constant (10 mg/10 ml in all the catalyst
dispersions) and the graphene oxide concentration was increased
(Fig. 5b). Here we observe similar type of sigmoidal curve and the
maximum O, generation is almost 58 umol for 10%SOM 1 loading.
The comparative studies clearly show that increase of graphene
oxide-loading has a prominent effect on water oxidation. We
observed two different aspects (i) upto a certain loading of
graphene oxide (5mg) O, evolution increases to a maximum of 58
pumol. (ii) There after increase of graphene oxide loading there is no
further effect on O, evolution. We explain this as following. With
increase in graphene oxide loading the extent of electron relay
facilitated by graphene oxide increases, thereby increasing the

4| J. Name., 2012, 00, 1-3

effective O, evolution. However beyond a certain threshold of
graphene oxide loading the active POM concentration in SOM 1
gets diluted. Hence the evolution of O, does not increase anymore.
Needless to say, that graphene oxide invariably enhances the water
oxidation activity. In SOM 1we also infer graphene oxide most likely
provides 1) enhanced active catalytic surface area, 2) facilitates
electron transport and there by enhances water oxidation
effectively. Also one of the prominent reasons for the enhancement
of water oxidation by using GO matrix may due the increase in the
effective surface area of the catalyst. In case of SOM 1, the
hydrodynamic radius is around 300 nm (from Dynamic Light
Scattering experiment) compared to single SOM having
hydrodynamic radius of 130 nm. We have calculated the surface
area by assuming the catalyst materials to form nano spheres in
dispersion and for a spherical surface we calculated the area by
following the equation, surface area = 4nRh2. Now we address the
problem of how water oxidation is affected with variation in pH and
loading of SOM 1 dispersion in the next section.

pH Dependent Study

pH dependent water oxidation study reveals some interesting
results (Fig.5d).We observe that with increase in pH amount of
evolved oxygen increases gradually. At pH 8 we observe the

This journal is © The Royal Society of Chemistry 20xx
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maximum vyield. On further increase in pH, oxygen evolution
decreases abruptly and this may be attributed to the degradation of
cluster in higher pH. This observation may be explained by the shift
of equilibrium involved with oxygen evolution to the right with
increase in pH.

H,0 ——> O, + 4H "+ 4

Catalyst Loading variation Studies

In this set of experiments, the graphene oxide concentration is kept
constant (1 mg/10 ml in all the catalyst dispersions) and the SOM 1
loading is increased to observe the change in the water oxidation. It
is observed that with increasing POM loading oxygen evolution
increases for a given pH. Nature of the oxygen evolution curve with
catalyst loading reveals that initially with increasing catalyst loading
oxygen evolution increases rapidly, but after exceeding a certain
loading of POM on SOM 1 catalyst (Fig. 6), the rate of enhancement
of oxygen evolution in the reaction decreases to some extent. This
may be due to the stability factor of the dispersion. More precisely
oxygen evolution decreases when phase separation is observed and
when we cross the dispersion stability window. This decrease in
oxygen evolution is also due to the decrease in active surface area
of catalyst.

184
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104

Oxygen generated (umol)

5 10 15 20
SOM 1 loading (%)

Fig. 6 Variation of SOM 1 loading at pH-7.

Time depended studies of oxygen evolution reaction

Time dependent water oxidation experiments shows general
sigmoidal kinetics pattern typical of heterogeneous catalysis
reaction, where up to certain limit of time oxygen evolution
increases and reaches a plateau (Fig. 7a). There is an induction
period of reaction which may be due to light absorption limitation.
For excitation of SOM 1 it needs to cross a minimum energy barrier,
which is attained after some time therefore initially there is no
reaction. When SOM 1 possesses minimum energy for excitation
water oxidation starts (Fig. 7b). As water is taken in excess in the
reaction, reaction rate only depends on the intensity of light and
not on the amount of water present in the reaction medium. At
early times of the reaction, i.e., at low light intensity (upto 9.32
mwW/ sz) there is no O, evolution. However, beyond a threshold
light intensity (9.32 mW/ cmz) 0O, evolution begins. The induction
period (before threshold light intensity) probably simply reflects the
time for O, product equilibration before analysis of evolved O,. It
increases in a sigmoidal fashion suggesting co-operative photo-
activation of the SOM sites for water oxidation. However with

This journal is © The Royal Society of Chemistry 20xx
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increase in energy density oxygen evolution reaches a saturation.
Hence in other words it might be said that water oxidation reaction
requires a threshold energy density to begin with, then increases in
a sigmoidal fashion implying co-operative photo-activation of the
SOM sites finally reaching a saturation with energy density. Thus it
implies the water oxidation reaction is topped off after a certain
time. Maximum TOF of the reaction is 0.75 min™ which is
comparatively lesser than the recently developed photochemical
water oxidation using cobalt based POM. This difference in TOF may
be due to the involvement of different redox couple in the reaction.
Here we observe that the maximum amount of O, generated is
almost 19 pumol for 20% of SOM 1 loading. Now here we ask a
guestion is SOM 1 stable in course of reaction? To determine its
stability we measured the Raman spectrum of SOM 1 before and
after the completion of reaction. A detailed account of this study is
explained in the next section.
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Fig. 7 a) Concentration and time dependent water oxidation study.
b) Plot of energy density of photo reactor with oxygen formed.

Stability of the Composite SOM Catalyst

Raman spectroscopic investigations were performed on the SOM 1
composite catalyst before and after the reaction. The spectra are
observed to be identical (Fig.8a). We also performed the HATR-IR
(Fig. 8b) and UV-VIS (Fig. 8c) spectroscopy of the SOM 1 catalyst
after reaction. We also performed cyclic voltammetry (Fig. 8d) with
the post reaction dispersion and in all the cases we observed
identical spectra compared with the spectra obtained with the

J. Name., 2013, 00, 1-3 | 5
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Fig. 8 a) Raman spectrum of the catalyst SOM 1 before and after the reaction b) HATR-IR spectrum the catalyst SOM 1 before and after
the reaction. C) UV-VIS spectrum the catalyst SOM 1 before and after the reaction. d) Cyclic voltammogram of the catalyst before and

after reaction.

dispersion SOM 1 before reaction. So we can possibly comprehend
that the composite catalyst system remains intact during water
splitting reaction. Thus the reported catalyst system is stable under
the water oxidation conditions that are used in this study. The POM
constituent does not dissociate to form MnO, or some other
fragment. Therefore during photochemical water oxidation reaction
it is reasonable to believe that no MnO, is generated in reaction
condition which can possibly oxidize water. Only the POM
constituent is clearly responsible for the water oxidation reaction.
More experiments and analysis are needed to pin-point the active
species, excited species life-time and other deeper mechanistic
details which will be performed by us in the future. We also took
SEM image (Fig. 9) of the post reaction composite catalyst and
observed almost similar kind of morphology with the images taken
before the commencement of the reaction.

6 | J. Name., 2012, 00, 1-3

Fig. 9 SEM image of post reaction SOM 1.
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Catalytic Recyclability of SOM 1

As the catalyst is stable after reaction, we can effectively reuse this
catalyst for further catalytic cycles. For this purpose we checked the
recyclability upto 10 catalytic cycles and we observed each time
equal amount oxygen is evolved in the catalytic cycle (Fig. 10).
Therefore the catalyst is completely reusable.
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Fig. 10 Catalytic recyclability of the composite catalyst SOM 1.

Mechanism of Evolution of O, from Water

Photochemical water oxidations with polyoxometalates generally
take place in the presence of an additional photosensitizer and a
sacrificial electron acceptor. In our present work, the photocatalytic
heterogeneous reaction possibly follows a completely different
pathway. Here we need not add any photosensitizer and sacrificial
electron acceptor. SOM 1 itself may be absorbing light and going to
the excited state which oxidizes water to oxygen (Fig. 11), but
elucidation of the actual photophysical mechanism will require
additional studies. To further prove that the excited species
oxidized water we added catechol in the reaction and observed that
the water oxidation ceased under these conditions. This may be
due to the fact that catechol oxidation is more favorable compare
to water oxidation and therefore water oxidation does not take
place in the presence of catechol. The graphene oxide sheets are
expected to act as electron acceptor platforms for the electrons
generated in the water oxidation process“‘ % and also enhance the
surface area of POM constituent of SOM 1.

Fig. 11 Pathway of the photochemical water oxidation.

This journal is © The Royal Society of Chemistry 20xx
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Conclusion

To summarize, we have demonstrated the water oxidation by Mn-
polyoxometalate (POM) based soft-oxometalate (SOM 1) dispersion
and the efficiency is almost doubled by immobilizing Mn-POM on
electro active graphene oxide matrix. The catalyst system acts as
water oxidizing agent to generate oxygen under photochemical
condition. The graphene oxide layers possibly act as electron
acceptor and surface area enhancer and facilitate water oxidation
by SOM 1. Thereafter we describe the effect of catalyst loading and
pH on photo catalytic water-splitting. From the kinetics of the
reaction we show the operation of heterogeneous mode of
catalysis. After demonstrating the stability of the catalyst in course
of the water splitting reaction we have proposed the plausible
pathway of the catalyst action. Further works are in progress in our
laboratory in order to design more SOM based water splitting
catalysts.

Experimental Procedure

Materials and Reagents

All the materials were purchased from commercially available
sources and used without further purification. All the glass
apparatus were first boiled in acid bath then in water and finally
rinsed with acetone. All the glass apparatuses were properly dried
in hot air oven over-night. Doubly distilled deionized water was
used to carry out all the experiments.

Synthesis of Graphene Oxide

Graphene oxide was synthesized by improved Hummers’
Method®®®®. Hummers’ method® (KMnO,4, NaNO;, H,S0,) is the
most common method used for preparing graphene oxide. A recent
methodology study has modified the process to some extent and
improved the efficiency of the oxidation process and this modified
Hummers’ Method® was employed here to synthesize graphene
oxide for our experiments.

Concentrated H,S0O, (69 ml) was added to a mixture of graphite
flakes (3.0 g, 1 wt equiv) and NaNO; (1.5 g, 0.5 wt equiv), and the
mixture was cooled using an ice bath to 0 °C. KMnO, (9.0 g, 3 wt
equiv) was added slowly to keep the reaction temperature below
20° C as KMnQO, addition is exothermic. The reaction was warmed to
35 °C and stirred for 7 h. Additional KMnO, (9.0 g, 3 wt equiv.) was
added in one portion, and the reaction was stirred for 12 h at 35 °C.
The reaction mixture was cooled to room temperature and poured
into ice with 30% H,0, (3 mL). The mixture was then purified
following the usual protocol of sifting, filtering, centrifugation,
decanting with multiple washes followed by a final vacuum drying
to give 4.0 g of solid product.

Synthesis of SOM 1

1 mg graphene oxide was added in 10 ml water and 2 ml ethylene
glycol was added to it for better separation of the graphene oxide
sheets. Then it was sonicated for 3 hours at room temperature to
prepare graphene oxide dispersion. After that, 10 mg of
Na;7[MngP3W,4044(H,0),].43H,0 was added and the dispersion was
sonicated for 3 more hours. The stability of dispersion was checked
and it was found to be stable.

Photocatalytic Water Splitting

Photo catalytic water splitting reactions were performed as follows.
In the composite dispersion for water oxidation experiment buffer

J. Name., 2013, 00, 1-3 | 7
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solution of pH 7 was added. The reaction mixture was then sealed
and N, gas was purged for 3 hours to get rid of the trace amount of
oxygen in it. Then the reaction mixture was kept in a photoreactor
under UV-light (energy density of the photo reactor is - 19.5
mW/cm2 with Amax = 373 nm) for 2 hours. After irradiation we
measured the amount of evolved oxygen in the reaction by YSI
optical sensor based dissolved oxygen meter standardized by using
degassed double distilled water. Evolution of oxygen in the reaction
was further investigated by performing cyclic voltammetry using
the irradiated samples. In cyclic voltammetry we observed a sharp
rise of current-voltage curve near +1.2 V, which is typically
indicative of O, generation by water splitting.

pH Dependent Water Splitting

This experiment was performed by following previous procedure
using different buffer solution in the range pH 5 to 9. Measurement
of the oxygen evolution was carried out by similar method
mentioned earlier.

Characterization Techniques

SEM-EDX Microscopy

SEM measurements were done by drop-casting SOM 1 dispersion
on silicon wafer and drying under vacuum for 2 days. Then SEM
imaging was performed and images were taken on SUPRA 55 VP-
41-32 instrument with the Smart SEM version 5.05 Zeiss software.

Cyclic Voltammetry

PAR model 273 potentiostat was used for the CV experiments. A
platinum wire auxiliary electrode, a glassy carbon working electrode
with surface area of 0.002826 cm’ and an aqueous Ag/Ag’
reference electrode which is filled by saturated KCl solution, were
used in a three electrode configuration. Scan rate was 0.5 V/s. The
CV spectrum was recorded in the range of 0 to +1.3V. Blank refers
to the amount of oxygen present in distilled water in our mentioned
reaction conditions. The pH of the medium was 7. 0.1 M KCl
solution was used as a supporting electrolyte in all the experiments.
All measurements were done at 298 K in inert atmosphere.

Dynamic Light Scattering Measurement

Average size of the particle was obtained using dynamic light
scattering method in a Malvern Zetasizer instrument. A very dilute
solution of SOM 1 was prepared by further dilution of the SOM 1
dispersion and taken in a fluorescence glass cuvette with square
aperture and the instrument was set to take 15 runs before
measuring the average hydrodynamic radius of the SOM
1composite.

Raman Spectroscopy

A LABRAM HR800 Raman spectrometer was employed using the
633 nm line of a He—Ne ion laser (A = 633 nm) as the excitation
source to analyze the sample.
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