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Abstract

This dissertation describes the application of graphene oxide to radionuclides and

other  ions  separation  from  various  media  and  synthesis  of  some  graphene-based

nanoribbons. Fundamental phenomena underlying these effects are studied and discussed.

Chapter 1 presents the first observation of graphene oxide efficiency for sorption

of  radionuclides  from  aqueous  solutions.  Sorption  capacity  and  pH-dependency  of

sorption are shown and outstandingly fast kinetics is demonstrated. Sorptive properties in

simulated  environmental  water  are  studied  and  compared  to  other  commonly  used

sorbents.

In  chapter  2,  study  of  sorptive  properties  of  graphene  oxide  is  extended  to

sorption of low valence ions present in nuclear disaster sites – Cs(I) and Sr(II) – in water

of significant salinity. Sorption capacity and pH-dependency of sorption properties of lab-

scale synthesized and commercial nuclear grade graphene oxide are determined.

In chapter 3, the mechanism behind outstanding sorption properties of graphene

oxide is discussed using Eu sorption as a model system. Lack of chemical change in

carbon  and  europium  states  upon  sorption  is  shown  by  NMR  and  fluorescence

spectroscopy, which agrees with reversibility of sorption but disagrees with the sorption

mechanisms  proposed  in  literature.  Adsorption  mechanism  based  on  morphological

change and phase transition (formation of  coacervate)  upon sorption is  proposed and

supported with experimental data.

In chapter 4, the mechanism of meniscus mask lithography for planar graphene
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nanoribbon  synthesis  is  proposed  and  experimentally  supported.  Formation  of  the

meniscus mask is based on condensation of water in the wedge of the lithography pattern.

The macroscopic models are not applicable to this system, and a simple molecular model

is proposed.

In  chapter  5,  oxidative  unzipping  of  multi-walled  carbon  nanotubes  with

potassium chlorate is demonstrated. The proposed oxidative unzipping method is mild

and  leads  to  formation  of  graphene  nanoribbons  with  much  less  structural  damage

compared  to  other  oxidative  unzipping  methods,  but  the  resulting  ribbons  are  not

exfoliated and are attached to the core nanotube that is not unzipped, which should make

this  product  promising  material  for  energy  storage,  carbon  fiber  synthesis  or  other

applications.

In  chapter  6,  the  mechanism  of  oxidative  unzipping  of  multi-walled  carbon

nanotubes  is  proposed.  The driving  force  for  the  unzipping is  the  oxidation  of  CNT

layers, whereas the process directionality arises from mechanical stress in the nanotube

layers developed due to increase of interlayer distances upon oxidation of CNT layer

basal planes. This hypothesis is supported by a time-resolved study of interlayer distance

evolution compared to kinetics of unzipping directly and by observations of CNT and

graphene oxide nanoribbon morphology by SEM.

Overall,  the  work  accomplished  in  this  dissertation  opens  a  route  for

environmentally  friendly  remediation  of  nuclear  waste  and  nuclear  disaster  sites  and

provides deeper understanding for graphene nanoribbon formation processes.
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Chapter 1

Graphene Oxide For Effective Radionuclide Removal

Note:  This  chapter was copied  in  total  with minor reformatting from a paper  that  I

coauthored [1]. Original citation – Reproduced from ref.  1 with permission from the

PCCP Owner Societies.

1.1. Introduction

Treatment of aqueous  waste effluents and contaminated groundwater containing

human-made radionuclides, among which the transuranic elements are the most toxic, is

an essential  task in  the clean-up of legacy nuclear sites [2].  The recent  accident  that

included radionuclide release to the environment at the Fukushima Daiichi nuclear power

plant in Japan, and the contamination of the water used for cooling its  reactor cores,

underscores the need for effective treatment methods of radionuclide-contaminated water

[3].  In  the  United  States  and  Russia,  significant  quantities  of  soil,  sediment  and

groundwater  have  been  contaminated  with  actinides,  including  Pu,  through  activities

ranging  from  nuclear  weapons  testing  and  Pu  production  to  nuclear  accidents.  The

estimated cost for the remediation of actinide-laden area in the United States is on the
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order of tens of billions of dollars [4], with higher cost estimates in Russia. Moreover,

many industrial processes such as mining and oil production yield naturally occurring

radioactive  materials  (NORMs)  and  technologically  enhanced  naturally  occurring

radioactive  materials  (TENORMs)  that  then  requires  decontamination.  Such

decontamination  technologies  should  be  inexpensive,  swift,  effective  and

environmentally friendly. 

During  the  last  decade,  interest  in  the  use  of  new  carbon  materials  for

environmental  applications  has  increased  significantly.  Mauter  and  Elimelech  [5]

reviewed the properties and possible environmental applications of carbon nanomaterials

including  carbon  nanotubes  (CNTs),  nanodiamonds,  fullerenes,  graphene  and  other

carbon phases. Among the major advantages of these nanomaterials are their shape, size

and free  surface area.  Belloni  et  al.  [6]  described the  use of  CNTs in nuclear  waste

management. Among all carbon nanomaterials, graphene oxide (GO) is well-studied and

has  proven to  be non-toxic  and biodegradable  [7-10]  and could  be produced in  bulk

quantities  in  environmentally-safe  way  [11],  which  makes  it  a  suitable  material  for

environmental applications.

GO has been known for more than a century [12-13] but it has attracted attention

in the last decade due its conversion to graphene [14]. The colloidal properties of GO

make  it  a  promising  material  in  rheology  [15]  and  colloidal  chemistry  [16].  The

amphiphilic GO produces stable suspensions when dispersed in liquids [17] and shows

excellent sorption capacities. Previously it was shown that GO enables effective removal

of Cu(II) [18], Co(II) and Cd(II) [19], Eu(III) [20], arsenate [21] and organic solvents
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[22]. The surface of GO is functionalized with epoxy, hydroxyl and carboxyl moieties;

the formation and composition of GO has been extensively studied [11, 23]. The surface

moieties  are  well-suited  for  interaction  with  cations  and  anions.  In  this  work,  the

application of GO for the effective removal of a variety of radionuclides from aqueous

solutions is described. The kinetics of sorption, pH sorption edges and sorption capacity

were  studied  in  the  batch  sorption  mode  to  illustrate  the  performance  of  GO  in

sequestering radionuclides from aqueous solution. 

1.2. Results and discussion

1.2.1. Radionuclide interaction with GO

The  kinetics  of  radionuclide removal  by  GO  are  presented  in  Figure  1.1A,

indicating that steady state conditions were achieved within 5 min even at very low GO

concentration (< 0.1 g/L by carbon). The fast sorption kinetics are likely due to GO’s

highly  accessible  surface  area  [11,  23]  and  its  lack  of  internal  surfaces  that  usually

contribute to the slow kinetics of diffusion in cation-sorbent interaction. The fast kinetics

are  important  for  practical  applications  of  GO  for  removal  of  cationic  impurities

including Th(IV), U(VI), Pu(IV) and Am(III). 

Figures  1.1B and  1.1C  show pH sorption  edges  for  Th(IV),  Pu(IV),  Am(III),

Eu(III), U(VI), Sr(II), Tc(VII) and Np(V). All of the radionuclides demonstrate typical S-

shaped pH-edges for cations, except for Tc, that exists as the pertechnetate anion (Figure

1.6), TcO4
-. This explains its higher sorption at low pH when the GO surface is protonated

and positively charged. Sorption of most of the cations is quantitative over a broad pH
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range; for Th(IV) and Pu(IV) complete sorption is achieved at pH > 1.5 and for Am(III)

and Eu(III) complete sorption occurs at pH > 2.3. This suggests that GO would be useful

in the remediation of contaminated natural waters. The position of the pH sorption edge is

correlated to the formal cation charge. The sorption of U(VI) decreases at high рН (>7),

possibly due to U(VI) carbonate complexation. This was demonstrated earlier for mineral

sorbents [24, 25].
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Figure 1.1. Radionuclides removal by GO. (A) Kinetics of U(VI), Am(III), Th(IV) and

Pu(IV) sorption onto GO indicating that steady state conditions are reached within 5 min.

(B) pH-sorption edges for Th(IV), U(VI), Pu(IV), Eu(III) and Am(III). (C) pH-sorption

edges  for  Sr(II),  Tc(VII),  Np(V)  at  steady state.  The concentrations  are  listed  in  the

Experimental section.
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Further experiments demonstrated that the reversibility of sorption for Pu(IV) and

U(VI) was quantitative as shown in Figure 1.2. When the pH was decreased (shown by

the arrows in Figure 1.2), a new steady state was achieved in < 10 min, as shown in the

inset. 

Figure 1.2. Sorption and desorption of Pu(IV) and U(VI) on GO. The empty circles

represent the pH dependence of sorption; solid circles represent desorption results for

initial conditions at the arrow base. Inset: kinetics of desorption.

GO  has  a  high  sorption capacity  towards  U(VI),  Sr(II),  Am(III)  and  Eu(III)

cations as determined from the sorption isotherms shown in Figure 1.3. Even at a GO

concentration as low as 0.038 g/L,  the saturation limit  is  not  reached.  The Langmuir



7

sorption formalism (eq 1.1) is: 

Csorb = Qmax·KLa·Csol/(1 + Kla·Csol) (eq 1.1)

and the Freundlich sorption formalism (eq 1.2) is: 

Csorb = KFr· Csol
n (eq 1.2)

where Csorb is the equilibrium concentration of radionuclides adsorbed on GO, Csol is the

equilibrium concentration of  radionuclides  in  aqueous solution,  Qmax is  the maximum

sorption capacity,  KLa is a constant representing the strength with which the solute is

bound to the substrate and KFr and n are empirical coefficients. In several cases the use of

the Langmuir formalism (eq 1.1) does not give as good a fit for the isotherm description

as the the Freundlich formalism (eq 1.2). This is the case for Am(III), for which sorption

saturation is not reached under the experimental conditions. The values of the parameters

for  the  Langmuir  and  Freundlich  formalisms  that  are  presented  in  Table  1.1  were

calculated from experimental data, though the GO surface is far from saturation.
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Figure 1.3.  Sorption  isotherms of radionuclides onto GO. (A) U(VI);  (B) Sr(II);  (C)

Am(III);  and  (D)  Eu(III)  in  0.01  M  NaClO4.  The  solid  lines  are  derived  from  the

Langmuir model simulation, and the dashed lines are derived from the Freundlich model

simulation. In Figure 1.3D the sample studied by IR and XPS (Figure 1.4) is indicated by

the red box.
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Table 1.1. Parameters of Langmuir and Freundlich Models for Radionuclides Sorption

onto GO.

Radionuclide,
pH

C(GO),
g/L

Langmuir formalism Freundlich formalism

Qmax,

μmol/g
KLa,

L/μmol
R2 KFr,

moln-1Ln/g
n R2

U(VI),
pH = 3.5

0.038 97 ± 19
0.046

± 0.014
0.98

0.004
± 0.002

0.33
± 0.04

0.95

U(VI),
pH = 5.0

0.038 116 ± 5
0.035

± 0.064
0.97

0.078
± 0.026

0.68
± 0.03

0.99

Sr(II),
pH = 6.5

0.038 272 ± 35
0.026

± 0.007
0.95

0.034
± 0.017

0.55
± 0.05

0.96

Am(III),
pH = 3.5

0.038 35 ± 6
3.300

± 1.670
0.80

0.003
± 0.002

0.34
± 0.05

0.95

Eu(III),
pH = 5.0

0.38 760 ± 75
0.002

± 0.001
0.98

0.015
± 0.008

0.48
± 0.08

0.94

To determine the changes in GO after sorption, a sample loaded with Eu(III) was

studied  by  infrared  (IR)  analysis  and  X-ray  photoelectron  spectroscopy  (XPS).  This

model system is similar to one previously described [18, 20].

The  XPS spectra  (Figure  1.4  A-D)  indicate  that  the  content  of  Eu(III)  in  the

sample is ~ 1%. Although the Eu(III) content is close to the low end of the XPS detection

limit, the GO is affected by its presence; the carboxylic peak is decreased and the C=C

sp2 carbon  peak  is  shifted  to  higher  energies  with  an  increase  in  area.  This  may be

explained by an elevated decomposition (self-reduction) rate of dry GO in the presence of

the  adsorbed  Eu  (there  was  no  decomposition  observed  for  the  suspended  or  wet

compound). This effect is known for GO interactions with polyvalent cations [18, 26].

The IR spectrum (Figure 1.4 E-F) shows similar changes, except that C=O carbonyl peak

(1720-1740 cm-1) of Eu-containing sample is not well-resolved enough from the C=C
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bond peak, thus making analysis using peak shifts difficult; the carboxyl peak at 2600-

2900 cm-1 was reduced to below the detection limit  at  the sample concentration.  The

aromatic peak at 1790-1850 cm-1 disappears too, supposedly due to formation of a larger

conjugated system. At the same time, strong absorbances at 1150-1210 cm-1 and 1270-

1320 cm-1 appear that resemble ester peaks. The low-wavelength part of the spectrum

became a well-resolved set  of distinctive peaks as compared to the wide overlapping

continuum observed for GO. One explanation for this is that the structural variability of

GO has significantly decreased,  which could be explained by partial  reduction and a

transition to a more thermodynamically stable state. 



11

Figure 1.4. Spectra of GO with and without Eu(III) adsorbed: A and B, survey XPS scans

of Eu(III) treated GO and source GO, respectively; C and D, carbon 1s XPS spectra of

Eu(III) treated GO source GO, respectively; E and F, IR spectra of Eu(III) treated GO and

source GO, respectively.
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The removal of  radionuclides from waste solutions was tested using simulated

liquid  nuclear  wastes  that  contain  U(VI)  and Pu(IV) together  with  Na(I),  Ca(II)  and

various complexing substances such carbonate, sulfate, acetate, and citrate (see Table 1.2

for the complete list) that could potentially affect sorption of radionuclides. Compared to

commonly  used  scavengers  for  cationic  radionuclides  such  as  bentonite  clays  and

granulated  activated  carbon,  GO  demonstrates  the  highest  sorption  ability  towards

actinides despite the fact that the actinides form strong complexes in solutions containing

sulfate, citrate, carbonate and acetate anions. The sorption of different materials towards

U(VI) and Pu(IV) is  compared in  Figures 1.5A-B.  Remarkably, even for  Pu(IV) that

forms strong complexes in solution, sorption onto GO was as high as 80%. 

Table 1.2. Composition of Simulated Nuclear Waste Solution at pH 7.5.

Ion Concentration, M

Na+ 1.500

Ca2+ 0.005

NO3
- 0.806

CH3COO- 0.339

C2O4
2- 0.159

SO4
2- 0.014

Cl- 0.010

CO3
2- 0.005
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Figure 1.5.  Sorption  efficiencies  of  different  materials  are  compared  along  with  the

coagulation  properties  of  GO  solutions  containing  U(IV)  and  Pu(IV)  and  other

complexing agents  shown in Table 1.2.  (A) Removal  of  U(VI)  and (B) Pu(IV) from

simulated liquid nuclear wastes (see Table 1.2) by GO and other sorbents at equal mass

concentration. (C) Coagulation of GO in simulated nuclear waste solution: on the left: 1,

initial  GO  suspension,  2,  coagulated  GO;  on  the  right  is  a  STEM  image  and  the

corresponding EDX spectrum. The highlighted section in the STEM image shows the

formation of nanoparticulate aggregates containing cations from simulated nuclear waste

solution (Si and P are trace contaminants in GO from its preparation, see Experimental).
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Upon the interaction of simulated nuclear waste solution with GO, coagulation

occurred that resulted in visual changes of the suspension (Figure 1.5C). The scanning

transmission electron microscope (STEM) image of the GO precipitate with cations and

the corresponding energy-dispersive X-ray (EDX) spectrum are presented in Figure 1.5C.

This is in agreement with the earlier observations that addition of such cations results in

coagulation of GO [6, 27].

The critical coagulation concentration (CCC) of GO with different cations was

determined. Table 1.3 lists the CCC data for Na+, Ca2+ and Eu3+ at two pH values, pH 3

and 7. The CCC was different for the studied cations and correlates to the cation charge.

The pH also affects the CCC. Coagulation is a sorption driven mechanism, and sorption

is likely followed by bridge formation between different sheets of GO, thereby inducing

the coagulation. This explains the lack of pH dependence for the CCC of Eu(III); at both

pH values the sorption of Eu(III) is quantitative (Figure 1.1B). 

Table 1.3. The Critical Coagulation Concentration of GO with Different Cations

Cation The critical coagulation concentration (М)

pH 3 pH 7

Na+ > 1 4·10-1

Ca2+ 7·10-3 1·10-3

Eu3+ 5·10-5 5·10-5
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1.3. Conclusion

GO demonstrated high sorption affinity towards the most toxic radionuclides from

various solutions. GO is found to be much more effective when compared to bentonite

clays  or  activated  carbon  in  actinide  removal  from  liquid  nuclear  wastes.  The  GO

containing-radionuclide could be easily coagulated and precipitated.  The simplicity of

industrial  scale-up of GO, its  high sorption capacity and its  ability to coagulate with

cations makes it a promising new material for responsible radionuclide containment and

removal.

1.4. Experimental 

GO  was  prepared  using  the  improved  Hummer's  method  [11].  Large-flake

graphite  (10.00 g,  Sigma-Aldrich,  CAS  7782-42-5,  LOT  332461-2.5  KG,  Batch

#13802EH) was suspended in a 9:1 mixture of sulfuric and phosphoric acids (400 mL)

and then potassium permanganate (50.00 g, 0.3159 mol) was added in small portions over

a 24 h period. After 5 d the suspension was quenched with ice (1 kg) and the residual

permanganate  was  reduced  with  H2O2 (30% aqueous,  ~  3  mL)  until  the  suspension

became yellow. The product was isolated by centrifugation at 319 g0 for 90 min (Sorvall

T1, ThermoFisher Scientific) and subsequently washed with 10% HCl and water. The

yellow-brown water  suspension (190.0 g) was isolated,  corresponding to 10 g of dry

product. For gravimetric analysis 50 mL of main product was separated from main batch,

washed as described above and reduced by excess N2H4.  It  is  important to note,  that

product isolation process produced significant amounts of contaminated organic solvents



16

which could be considered hazardous for environment. However, this process may be

changed or omitted in industrial procedure and is used here only to allow characterization

of starting material (i.e., to remove water and manganese (II-IV) oxides).

Sorption experiments were carried out in plastic vials for which sorption onto the

vial walls was negligible under the experimental conditions. In the sorption experiments,

solutions  of  the  radionuclides  nitrates  (each  radionuclide  experiment  was  done

separately)  were  added  to  GO  suspension  and  then  the  pH  was  measured  using  a

combined glass pH electrode (InLab Expert Pro, Mettler Toledo) and adjusted by addition

of small amounts of dilute HClO4 or NaOH. After equilibration, the GO suspension was

centrifuged  at  40000  g0 for  20  min  (Allegra  64R,  Beckman  Coulter)  to  separate

radionuclides  sorbed  onto  the  GO.  The  sorption  was  calculated  from  the  difference

between  the  initial  activity  of  the  radionuclides  and  that  measured  in  solution  after

equilibration. The initial total concentration of radionuclides in the kinetic experiments

and pH-dependence tests was 2.15·10-7 M for 233U(VI), 1.17·10-9 M for 239Pu(IV), 5.89·10-

14 M for 234Th(IV), 3.94·10-10 M for 241Am(III), 3.43·10-12 M for 152Eu(III), 3.77·10-7 M for

237Np(V), 1.91·10-7 M for 95mTc(VII) and 1.24·10-7 M for 90Sr(II). The concentration of the

GO suspension was 0.077 g/L in 0.01 M NaClO4. In all cases the total concentration of

ions was much less than the solubility limit and the GO/radionuclide ratio correspond to a

very high under-saturation of GO sorption sites. 

For desorption tests, HClO4 was  added to the suspensions to decrease pH and

after different time intervals the concentration of radionucledes in solution was measured.

To measure the sorption capacity of GO towards different  radionuclides,  the sorption
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isotherms were obtained using 0.038 g/L GO suspension in 0.01 M NaClO4 in case of

U(VI), Sr(II), Am(III) and 0.38 g/L GO suspension in 0.01 M NaClO4 in case of Eu(III).

The concentration of the cations was varied at constant pH values. 

XPS  was  performed  on  PHI  Quantera XPS  with  Al  source.  TGA Q50  (TA

Instruments)  was  used  for  TGA;  ~10  mg  of  homogenized  sample  was  investigated.

Temperature was increased at a rate of 20 °C/min to 150 °C, held at 150 °C for 1 h and

then the temperature was raised at a rate of 10 °C/min rate. FTIR analysis was performed

in  reflection  geometry  using  Nicolet  FTIR  Infrared  Microscope  Samples  for  FTIR,

Raman and XPS were drop-cast onto glass substrates and dried under vacuum for 48 h to

form detachable free-standing graphene oxide paper. To trace the changes that occur with

GO upon interaction with cations, the sample was equilibrated with Eu(III) to prepare it

for IR and XPS examinations. Experimental conditions were similar to those described

for the isotherm experiments, using 0.38 g/L GO suspension in water. Concentration of

Eu was determined to be 1 mM by gravimetric analysis of source EuCl3 salt (Aldrich,

CAS 13759-92-7) that was dried with SOCl2 and subsequently dried under vacuum.

To  demonstrate  the  performance of  GO  compared  to  other  sorbents  for

radionuclide removal, experiments were conducted with a simulated liquid nuclear waste

containing high concentrations of complexing agents. The concentrations of actinides was

equal to 8·10-8 M for 233U(VI) and 3·10-9 M for 239Pu(IV). Sorbent concentrations were 0.5

g/L of  GO,  commercial  bentonite  (SC “Khakassiya  bentonite”,  Russia)  and  granular

activated carbon (Sigma-Aldrich). For HRTEM, GO aggregates were deposited onto a

carbon-coated TEM grid and analyzed using HRTEM (JEOL-2100F) at an accelerating
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voltage of 200 kV. EDX analysis was performed with a JED-2300 analyzer. The CCC

was determined by addition of aliquots of solutions with cations, i.e. Na+, Ca2+ and Eu3+,

to GO suspension. After the addition of the certain portion of solution that led to CCC,

GO precipitated and was observed by the unaided eye after ~ 1 h of equilibration.

1.5. Broader context

The advancement of industry, especially in mining and nuclear power, in the latter

half  of  the  20th century  and  the  beginning  of  the  21st century  produced  massive

environmental  contamination  with  highly  toxic  long-lived  radionuclides.  Although

detection  of  radionuclides  contamination  is  relatively  simple,  their  removal  from

contaminated aqueous media is still a challenging and costly procedure. The key issue is

a lack of effective and low-cost sorbent material for radionuclide removal. Although there

are  several  sorbents  effective  under  laboratory  conditions,  their  effectiveness  quickly

diminishes in natural waters, where natural ions sorption competes with radionuclides. In

this work we show that the unique properties of graphene oxide together with the low

cost of its production make it a good material for remove radionuclides, especially long-

lived transuranic elements. Outstanding sorption selectivity against alkali and alkali earth

metals  even  in  the  presence  of  various  anions  is  shown in  the  model  system.  High

sorption rates shown indicate strong binding, but also simplify possible implementations

of cleanup methods. Finally, the environmental safety and biodegradability of GO allows

various in situ cleanup approaches, including permeable reactive barrier (PRB) method.
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1.6. Supplementary information
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Figure 1.6. Diagrams of the speciation of the studied radionuclides in solution without

modeling sorption reaction. (A) Am, (B) Np, (C) Pu, (D) Sr, (D) Th, (F) Tc, (G) U, and

(H) Eu. Compositions of modeled solutions correspond to experimental conditions used

in  this  work,  viz.  exactly  the  same concentrations  of  radionuclides,  I  =  0.01  M and

p(CO2)  =  10-3.5 atm.  Modeling  were  done  using  HYDRA [28]  and  MEDUSA [29]

software and NEA thermodynamic data [30-34].
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Chapter 2

Graphene  Oxide  For  Effective  Sr  And  Cs  Removal

From Freshwater And Seawater

2.1. Introduction

In nuclear power plant disaster, among the most common elements discharged

into the environment are Cs and Sr [1-2], which are especially difficult to remove from

groundwater and seawater due to their chemical similarity to the common cations present

in natural waters – other alkali and alkaline earth elements. Currently existing methods of

Cs removal are based on its specific sorption in zeolites or Prussian blue. The methods of

Sr  removal  are  based  on  its  specific  sorption  on  MnO2.  The  use  of  these  methods,

however, is limited by the fact that spent sorbent becomes highly radioactive material,

with most of the volume consisting of sorbent material. The actual removed radionuclides

constitute only a small fraction of the product, thus waste volume is greatly increased.

Graphene oxide (GO) was shown to be a good sorbent for various radionuclides

in environmental water [3]. It is environmentally friendly [4-7] and could be combusted,

thus  reducing  the  waste  volume  to  the  volume  of  radionuclide  salts  or  oxides.  GO
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selectively adsorbs heavy radionuclides versus  alkali  and alkaline earth elements,  but

even though Cs and Sr belong to these groups, a significant adsorption of Sr(II) was

demonstrated  in  certain  conditions  [3].  However, those  conditions  were  far  from the

actual conditions found in environmental systems. In this work we show the efficiency of

GO for sorption of Cs and Sr from simulated environmental freshwater and saltwater.

2.2. Results and Discussion

Sorption of Cs(I) and Sr(II) by GO from freshwater and seawater and the mixture

of freshwater and seawater is shown on Figure 2.1.  Even though GO is selective for

sorption  of  high valence cations  from the water  versus  low valence ones,  significant

amounts of these two cations are sorbed even in seawater. To explain this, it is important

to consider the details of sorption of these elements. Most of the cations dissolved in

natural  waters  have valence 1 or  2  (see  Tables 2.1-2.2)  [8],  thus  Sr(II)  is  among the

highest valence cations and should be adsorbed accordingly. Concentrations of higher

valence  elements  are  orders  of  magnitude lower and,  even though they are  probably

sorbed much more efficiently, they are outcompeted. Anions, at the same time, are not

expected to compete with cations sorption at neutral pH, as shown before [3].

In freshwater, the majority of  cations  are  Na(I),  K(I),  Ca(II),  and Mg(II)  (see

Table 2.1).  Typical  concentrations  of  radioactive  Cs  and  Sr  are  orders  of  magnitude

lower, but these elements still  adsorb efficiently onto GO. This is probably caused by

their larger ionic radius [9], which allows more GO groups to interact with ions. In the

case  of  Sr(II),  larger  charge  must  increase the sorption,  and relatively close sorption

values observed for these ions suggest that sorption is influenced by the charge of ions
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nearly as much as by their size.

Figure 2.1. Adsorption of Cs(I) and Sr(II) from environmental water systems. (A) EPA

standard freshwater (Table 2.1); (B) EPA standard seawater (Table 2.2); (C) 3:1 mixture

of EPA standard freshwater and seawater. (A-C) represent data obtained for GO produced

by modified Hummer's method [10]. (D) EPA standard seawater data for nuclear grade

GO sorbent [11].
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As similar  situation,  except  for  lower absolute  sorption values,  is  observed in

seawater (Figure 2.1B), even though its salinity is almost 1000 times higher. Selectivity

of Cs(I) sorption versus other cations is clear in this experiment. Indeed, assuming that

there is no selectivity among cations with the same charge (the selectivity for differently

charged cations was shown [3]), we would expect the same relative sorption for every

cationic species, which means that 15 g of GO would adsorb 20% of Na(I) present in the

solution. This corresponds to 25 millimoles of Na(I) sorbed onto 1 g of GO, which would

require multilayer adsorption of Na onto each flake of GO. But previous results showed

very low Na sorption on GO [3], therefore there is a clear preference for the large and

more polarizable Cs(I) over Na(I).

Mixed water could easily be prepared from seawater by diluting it with water of

lower salinity. Moreover, such dilution, as seen on Figure 2.1C, can improve adsorption

of radionuclides onto GO and is expected to be feasible, as price of low grade fresh water

should be negligible compared to radioactive waste treatment costs.

Radioactive  90Sr(II)  is  sorbed from seawater  together  with  naturally  occurring

stable  Sr  isotopes,  as  isotopes  of  Sr  are  practically  indistinguishable  by  chemical

methods. This allows us to study adsorption of radioactive Sr(II) on the model of non-

radioactive Sr(II), without the need for radiochemical detection methods and hazardous

materials  handling.  Sorption  of  such  non-radioactive  model  Sr(II)  onto  proprietary

commercial nuclear-grade GO specifically tuned for radionuclides adsorption, is shown

on Figure 2.1D. Sorption of as much as 90% of Sr(II) from seawater is easily achieved

with 20 g/L of GO. This nuclear grade of GO was produced by Zonko LLC [11].
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Table 2.1. Standard synthetic freshwater composition

Experiment
Reagent added, mg/L

Radionuclide

concentration, M pH

NaHCO3 CaSO4·2H2O MgSO4 KCl Cs(I) Sr(II)

Cs(I)

sorption
96.0 60.0 60.0 4.0 1 × 10-11 0

7.2-8.0
Sr(II)

sorption
96.0 60.0 60.0 4.0 0 5 × 10-10

Table 2.2. Standard synthetic seawater composition

Experiment Cs(I) sorption Sr(II) sorption
Sr(II) sorption

with Zonko GO

Reagent added,

g/L

NaCl 21.03 21.03 0

Na2SO4 3.52 3.52 0

KCl 0.61 0.61 0

KBr 0.088 0.088 0

Na2B4O7·10H2O 0.034 0.034 0

MgCl2·6H2O 9.50 9.50 0

CaCl2·2H2O 1.32 1.32 0

SrCl2·6H2O 0.02 0.02 0

NaHCO3 0.17 0.17 0

HW Marinemix 0 0 35

Radionuclide

concentration, M

Cs(I) 1 × 10-11 0 0

Sr(II) 0 5 × 10-10 0

pH 8.0-8.4 8.0-8.4 8.0-8.4

2.3. Conclusions

GO is efficient for adsorption of Sr(II) and Cs(I) from natural groundwater and



29

seawater,  showing  surprising  selectivity  for  these  elements  versus  other  alkali  and

alkaline earth elements present in natural water. This selectivity correlates with the size of

these cations and could be explained by better coordination of the cations by GO. GO is

easily combustible material, and the waste volume of spent sorbent material loaded with

radionuclides  could  be  easily  reduced  by  combustion  of  sorbent,  leaving  behind

radioactive ash, which is one of the most compact possible forms of radioactive waste.

This, together with high rate of sorption process [3], makes GO excellent material for

cleanup of radioactive waste with minimal footprint.

2.4. Experimental Section

GO was  synthesized  by AZ Electronic  Materials  in  accordance  with  patented

procedure described in [10]. Zonko nuclear grade GO sorbent was obtained from Zonko

Pure Technology LLC [11].

Model  freshwater  and saltwater  were prepared in  accordance to  EPA standard

water preparation protocol [8]. Moderately hard freshwater was used. Water composition

is described in Tables 2.1 and 2.2. Mixed seawater was prepared by combining synthetic

seawater and synthetic freshwater described above in ratio 3:1.

Sorption  experiments  were  performed similarly to  [3].  Plastic  vials  for  which

sorption onto the vial walls was negligible under the experimental conditions were used

as containers. Solutions of  137CsNO3 and  90Sr(NO3)2 (each radionuclide experiment was

done  separately)  were  added  to  model  water,  then  GO was  added  and  the  pH  was

measured using a combined glass pH electrode (InLab Expert Pro, Mettler Toledo) and

adjusted by addition of small amounts of dilute (0.1 M, 0.01 M and 0.001 M solutions
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were used subsequently as pH approached desired value) NaOH to initial pH of water

(Table 2.1-2.2). After equilibration, the GO suspension was centrifuged at 40000 g0 for 20

min (Allegra 64R, Beckman Coulter) to separate radionuclides sorbed onto the GO. The

sorption  was  calculated  from  the  difference  between  the  initial  activity  of  the

radionuclides  and  that  measured  in  solution  after  equilibration.  The  initial  total

concentration of radionuclides in the experiments was 1 × 10-11 M for 137Cs and 5 × 10-10

M for 90Sr.

Sr(II) sorption on Zonko nuclear grade GO was performed in synthetic seawater

prepared using EPA approved commercial  seasalt (HW Marinemix) [8] and deionized

water (Sigma-Aldrich). The water with 35‰ salinity was prepared. Proper amount of GO

paste was added in accordance to Zonko material handling instructions (provided with

samples) to achieve 1, 10 and 20 g/L GO concentrations in 10 mL of synthetic seawater.

Glass  containers  were  used,  sorption  of  Sr(II)  onto  these  containers  is  negligible  at

concentrations used. Then, the suspension was neutralized by addition of several 0.1 mL

portions of 1 N NaOH at a time while measuring pH of the suspension. Suspensions were

agitated for 1 h and separated with 200 nm pore alumina filter. The concentration of Sr

was measured with ICP-MS (Perkin Elmer Nexion 300 ICP-MS) and related to measured

concentration of Sr in starting synthetic seawater.
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Chapter 3

On  The  Mechanism  Of  Graphene  Oxide  Sorptive

Properties

3.1. Introduction

Graphene oxide (GO) is an efficient sorbent material for removal of radionuclides

from  aqueous  systems  [1-2].  High  sorption  capacity,  selectivity  against  common

environmental constituents, uniquely fast kinetics, and possibility to combust the sorbent

material thereby greatly reducing the amount of waste, make GO a promising sorbent

material  for  remediation of  large amounts of nuclear  waste  and nuclear  disaster  sites

groundwater  and  seawater.  However,  the  GO  adsorption  mechanism  has  not  been

disclosed. Proposed theories on the nature of binding between GO and cations based on

results of XPS data usually assert reduction of cations or formation of covalent bonds [3-

5]. However, the reduction of cations has to be accompanied by the oxidation of GO, and

this  contradicts  with  the  observed  reversibility  of  sorption  upon  pH  reversal.

Furthermore, since GO is prepared with strong oxidants in acid, it is unlikely to be further

oxidized. The formation of covalent bonds, on the other hand, does not explain the fast



33

kinetics of the process at low cations concentration.  The adsorption process might be

governed by a complex physical-chemical process rather than the formation of strong

specific bonds, but no such data has previously been suggested.

In this work, we propose the mechanism of sorption of radionuclides by GO and

experimentally support it using Eu(III) as a model system. Eu(III) chemistry is similar to

Am(III) chemistry, and it is one of the simplest systems to study the interaction between

GO  and  radionuclides,  as  Am(III)  has  very  few  stable  oxidation  states  available  in

aqueous solutions. We further confirm that Eu(III) to GO binding is weak and outline the

colloidal process behind the sorption efficiency observed.

3.2. Results and discussion

3.2.1. Carbon modification upon sorption

In many works addressing sorptive properties of GO [3, 5], including our previous

publication  [1],  observation  of  change  in  chemical  state  of  carbon  upon  sorption  is

reported  based  on  XPS data.  It  is  important  to  understand  that  XPS results  are  not

representative for discussion over the chemical state of GO in solution. The process of

drying  and  exposure  to  high  vacuum,  unavoidable  in  XPS  sample  preparation  and

analysis, could alter the chemical state of GO. This change could depend on adsorbed

species, which could catalyze decomposition of GO [1, 6-7] or even violently react with

it in dry state [8]. Furthermore, the chemical change of carbon state is usually attributed

to certain redox processes, which directly contradicts with observed reversibility of the

sorption process [1].
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To study the state of carbon in conditions more relevant to the process discussed,

we  have  compared  NMR spectra  of  GO before  and  after  adsorption  of  Eu(III)  ions

(Figure 3.1).  Since  solid  NMR spectra  are  acquired  at  ambient  pressure,  the  drying

process  was  minimized  although  not  altogether  avoided.  It  is  clear  from  the  NMR

spectra, that there is no significant change in chemical state of carbon (Figures 3.1A-B),

even  though  Eu is  sufficiently  close  to  C atoms and abundant  to  interact  with  their

magnetic field, thus altering relaxation time, which manifests itself as the broadening of

peaks at higher delay conditions (Figure 3.1C). This result agrees with reversibility of the

process and suggests that Eu(III) is not forming any direct bonds with carbon atoms,

interfacing with GO through other atoms instead.
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Figure 3.1. 13C solid  state  NMR spectra  of  GO with  Eu sorbed.  (A)  Reference  GO

sample; (B) GO with Eu(III) sorbed, 20 s relaxation time; (C) GO with Eu(III) sorbed,

60 s relaxation time.
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3.2.2. Eu modification upon sorption

To study the chemical state of Eu(III), we used optical emission spectroscopy. The

emission  spectrum  of  Eu  strongly  depends  on  neighboring  molecules  and  chemical

groups and even minor changes in solvated Eu shell could be detected. We have observed

5D0-7F1, 5D0-7F2 and 5D0-7F4 lines of the Eu emission spectrum (Figure 3.2). Unfortunately,

these lines overlap with the broad graphene oxide luminescence, which dominates if the

concentration of GO is sufficient to adsorb most of Eu(III) from solution. To overcome

this issue, two techniques were used.

In  first  one,  time-resolved  emission  spectra  (TRES)  were  measured.  Broad

emission of GO was short-lived, while narrow lines of Eu were long-lived and these lines

were easily separated (Figures 3.2A-E). In the second experiment, heavy water (D2O)

was used as a solvent to enhance the intensity of the Eu emission lines. This allowed Eu

emission to express over the GO fluorescence background, and the peaks were easily

observed in the fluorescence spectroscopy experiment (Figure 3.2F).
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Figure 3.2. Fluorescence spectroscopy of GO with Eu(III). (A) TRES of Eu(III) solution;

(B) TRES of GO suspension; (C) TRES of GO with Eu(III) sorbed onto it; (D) TRES

spectrum for GO with Eu(III) sorbed with linear subtraction of individual TRES spectra

of GO, Eu(III) and excitation radiation scattering. Noise is proportional to the square root

of signal at  each point.  (E) Cross-section of TRES at 130 ms for Eu(III)  and Eu(III)

sorbed on GO. (F) Fluorescence spectra of Eu(III) solution (1) and Eu(III) adsorbed onto

GO (2) in D2O.
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Both experiments demonstrate the same observation: neither chemical state nor

the  inner  shell  of  solvated  Eu(III)  change  upon  sorption.  This  means  that  Eu(III)  is

adsorbed with its  solvating H2O or D2O shell  and stays  on GO in that state,  without

forming covalent bonds with GO functionalities. Eu(III) is physically adsorbed on the

GO flakes.

3.2.3. TEM

Before discussing electron microscopy results, we must consider that, as in the

case of XPS, electron microscopy sample preparation includes drying of the sample and

its exposure to high vacuum; these are essential steps. While this can, and in accord with

the previous XPS results, does change the chemical nature of the sample, but it does not

change the spatial distribution of Eu atoms on GO flakes. Spatial distribution only will be

discussed here.

Transmission electron microscopy (TEM) of GO with Eu(III) adsorbed onto it

shows where cations are attached to GO (Figure 3.2). Due to large differences in atomic

number and in electron scattering cross-section between atoms constituting GO and Eu,

the latter is seen in the dark field image as bright spots on the dark background of GO

flakes.  These bright  spots  are  evenly distributed across the basal  plane of the flakes,

ruling out the assumption that adsorption happens predominantly on carboxylic groups

which  are  concentrated  along the  edge of  the  flakes  [9].  Most  of  the  GO surface  is

covered with (1,2)-epoxy groups [9], which are not independently expected to interact

strongly with metal cations, but may produce chelating effect when large number of these

groups interacts with a cation. Chelation of cations with epoxy groups generally does not
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happen,  except  in  systems with crown ethers.  In  those cases,  fluorescence spectra  of

Eu(III) are altered significantly [10], which is not observed for the case here with GO.

Figure 3.3.  TEM images of GO with adsorbed Eu(III).  (A) Bright and (B) dark field

regions. A different region is shown in (C) bright field and (D) dark field. The bright

speckles in (B, D) correspond to Eu atoms. Note the GO fold on the bottom region of (A-

B) images.

The only regions where Eu(III) atoms are seen concentrated near the edge are the
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areas where GO flakes were folded onto themselves. There is one important thing to note

though: these samples were prepared by dipping the TEM grid with GO attached to it into

the Eu(III) solution, and are thus not precisely representing the real adsorption process.

GO flakes were immobilized on the grids, except for some dangling edges, where the

flakes  were  able  to  fold  and  trap  high  amounts  of  Eu(III).  In  a  normal  sorption

experiment, however, the GO flakes are mobile in solution and could more easily clump

or fold onto themselves.

3.2.5. Model

The emission spectra of Eu(III) adsorbed by GO from D2O are different from the

spectra of Eu(III) adsorbed by GO from H2O, suggesting that Eu(III) is adsorbed at least

with inner part of its solvation shell, which is different from what is observed in crown

ether complexes [10] and the majority of sorbents [11].

We propose the following mechanism of cation adsorption on GO (Figure 3.4).

When GO is suspended in water, it exists as separate layers, stabilized with substantial

surface  charge  and  corresponding  double  electric  layer.  Positively  charged  ions  are

attracted into this double electric layer space and thus weakly physisorb onto GO within

outer Helmholtz plane, as no specific adsorption is observed experimentally. The double

electric layer  thickness is  decreased in this  area,  or even the effective surface charge

could be inverted in case of highly charged cations, and the suspension eventually loses

stability, leading to coacervation of GO flakes. After coacervation these flakes are bound

together  by water  in  thin  layers  of  concentrated cations.  This  could  form a structure

similar to liquid crystals [12]. Of course, similar coacervation could be observed to some
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extent with any suspended material during coagulation [13], but the unique ability of GO

to have conformal shapes could allow a large volume of water with electrolyte to be

trapped in this manner making sorption by this mechanism significant.

Figure  3.4. Proposed  physical-chemical  mechanism  of  GO  interaction  with

radionuclides.  The water molecules are schematically represented as dipoles that orient

in electric field in the vicinity of charged particles or surfaces. Eu(III) hydrated complex

is represented as arbitrary [Eu(H2O)n]3+ structure. Note that sorption and desorption paths

are different and rate of these processes determines system equilibrium.

Adsorption of cations onto GO could be understood as high specific adsorption of

water [14] together with cations within a double electric layer that destabilizes a thicker

water film [13]. Narrow channels between GO flakes are formed and thus the desorption

of cations could not happen in the same manner as the sorption. The cation has to escape
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not from a single surface, but from the channel between two adjacent GO planes, and that

will require counteracting the weak binding not only in the vicinity of this particular ion,

but everywhere across the flake. The only way for the cation to escape then is to move

along the surface of GO flake until it reaches the edge and is able to escape. This escape

process  occurs,  as  there  is  a  gradient  of  cations  concentration  and  thus  a  chemical

potential drop between coacervate and remaining solution. The rate of this escape process

will  be governed by both the cations  diffusion coefficient  and the value of  chemical

potential drop.

Diffusion coefficients of cations in the coacervate planes will be different from

diffusion coefficients in free solution space, as the water is more densely packed near

GO, possibly even forming clathrate structures. Ions could move with or without their

hydration shells, as some of the water is completely immobilized in the layer adjacent to

the solid surface [13, 15], so ion mobilities could be significantly different from those

observed in bulk water, as was found in the process described by the Geim group in

assesing ion transport through GO filters. But some correlation between ion sizes and

their efficiency of adsorption is observed as described in our work on selective Cs(I)

capture in high concentrations of Na(I) [2]. In general, cations with higher charge will

stabilize thinner double electric layer, effectively decreasing the diffusion rate, and larger

cations  will  diffuse slower than smaller  ones.  If  adsorption of  cations  onto GO with

negative surface charge is governed by electrostatic attraction of species into the outer

shell of the double electric layer, then similar adsorption could be expected for anions

onto positively charged GO surface, where hydrogen is adsorbed in the inner Helmholtz
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plane. This is indeed observed at low pH (< 2) values for ions of metals in anionic form,

such as Tc(VII) [1]. Likewise,  species of the same charge as the GO surface are not

captured effectively in the adsorption process, hence anions are not trapped in conditions

favorable for cation sorption and vice versa.

3.3. Conclusions

In conclusion, high efficiency of adsorption of ions on GO can be explained as

phase transition that accompanies changes in double electric layer on the surface of GO.

The key properties of GO in this process are high affinity to water and morphology, that

allows it to trap large amounts of solvent between the flakes and makes escape paths for

ions along the flakes sufficiently long. This mechanism of adsorption is different from

adsorption of cations onto other carbon-based materials, such as activated carbons and

ion-exchange resins, which explains the difference in their sorption properties, even if

their surface chemistry is tuned to be similar. High adsorption energy is not caused by

formation of covalent bonds between ions and GO functionalities, and thus ions remain

hydrated upon sorption. This could be used for analytic purposes of concentration and

localization  of  charged  species  in  their  dissolved  state  and  allow  spectroscopy  of

concentrated ions without interfering surface quenching effects. Finally, understanding

GO sorption paves the way for designing of new advanced sorbent materials.

3.4. Experimental section

GO was prepared by the modified Hummer's method [17]. The same batch of

material used in Ref. 1 was used for all experiments here.
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For NMR analysis, 0.85 mL of 0.118 M EuCl3 solution was added to 100 mL of

0.38 g/L of GO suspension to ensure saturation of GO sorption capacity. The pH was

adjusted with mutliple additions of small volumes of NaOH and HCl (0.1 M, 0.01 M and

0.001 M solutions of these reagents were used subsequently as pH approached desired

value) to 5.00. The system was equilibrated for 24 h at constant pH maintained by adding

more acid or base as the pH value changed over time. Afterwards, the suspension was

filtered and kept under low vacuum (~ 4 Torr) at room temperature for 24 h to remove

excess  water  not  adsorbed  onto  GO.  The  sample  had  appearance  of  dry  paste.  The

reference sample was prepared in the same manner, except no EuCl3 was added.

Solid  state  13C NMR spectra  were  collected  at  90  degree  and  50 MHz using

Bruker 200 MHz NMR Spectrometer.

For fluorescence spectroscopy studies, 1 mL of 10-4 M EuCl3 solution was added

to 10 mL of 3.8 mg/L GO suspension, the pH was adjusted to 5 with addition of small

portions of NaOH (0.1 M, 0.01 M and 0.001 M solutions were used subsequently as pH

approached  desired  value).  For  experiment  with  D2O,  D2O was  used  as  the  solvent

instead of water.

TRES  was  done  using  an  Edinburgh  Instruments  OD470  fluorescence

spectrometer  instrument  using  a  broadband  flash  lamp  for  excitation  and  a

photomultiplier for detection. The sample was agitated with nitrogen bubbling through

the  cuvette.  Fluorescence  spectroscopy  was  performed  using  a  Horriba  NanoLog

instrument.

For  TEM,  the  GO  suspension  was  drop-casted  onto  TEM  grid  and  dried  in
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ambient. Then, the grid was immersed into 10-5 M solution of Eu(III) and washed with

water.  After  drying  in  ambient,  the  sample  was  examined  with  HRTEM  and  EDX

spectrometry. The  HRTEM images  were  obtained  with  an  aberration-corrected  JEOL

2100F operated at 200 kV, yielding resolution limit of 0.8 Å. The DF images and EDX

analysis were performed in STEM mode; the spot size was 1 nm with the HAADF and

JED 2300 (JEOL) detectors.
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Chapter 4

Meniscus-Mask Lithography Mechanism

Note: V. Abramova contributed equally to the contents of this chapter. This chapter will

be used for publication after December 2014.

4.1. Introduction

In previous works we have shown advantages of the meniscus-mask lithography

(MML) method for fabrication of high aspect ratio sub-10 nm nanoribbons and nanowires

[1-2]. The mechanism of the process relies on adsorption of water in wedges resulting in

material protection from the plasma etching processes. A more descriptive mechanism of

the  process,  the  state  of  those  adsorbates,  and the  parameters  governing  the  menisci

shape, however, remain unclear. MML is remarkably consistent and stable.  But better

understanding  of  capillary  effects  and  menisci  behavior  might  give  a  way to  MML

process tuning. Since the capillary effects should be affecting any nanostructures, the

study of the precise MML mechanism could prove important for any nanolithography

process. In this work, we propose a model systems that permit study of nanoscale menisci

behavior. We demonstrate that changes in the lateral dimensions of the menisci support
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the MML mechanistic model.

4.2. Results and discussion

As a background,  we establish the known experimental  facts  about  the MML

fabrication  process.  The  protective  layer  is  formed  by water  adsorbed  in  the  wedge

between the sacrificial metal mask and substrate planes. This water mask is sufficiently

stable under high vacuum to protect the underlying substrate from plasma etching over a

wide  range  of  conditions  [2].  The  width  of  the  protected  region  has  no  measurable

dependence on the sacrificial mask material, provided that it is hydrophilic. This width

also does not depend on sacrificial mask height if the mask is higher than certain critical

value below which no protection occurs. Finally, the water has additional evaporation

process activation energy compared to bulk phase, which in first order approximation is

inversely proportional to distance between adsorbed species and solid material plane [1].

Typical  MML fabrication  sequence  consists  of  following steps  (Figure  4.1A):

first,  the  substrate  with  a  layer  of  target  material  (Figure  4.1A1)  is  covered  with

hydrophobic resist film (Figure 4.1A2), in which a pattern is formed using conventional

lithography procedures (Figure 4.1A3). The regions of target material exposed in pattern

openings are etched using dry etching process (Figure 4.1A4), and hydrophilic sacrificial

mask is deposited (Figure 4.1A5). After lift-off and upon exposure to ambient conditions,

atmospheric  water  gets  adsorbed in the wedge between target material  and sacrificial

mask (Figure 4.1A6). Adsorbed water forms meniscus that protects narrow line of target

material nearby the edge during second dry etching step (Figure 4.1A7), and after the
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sacrificial  mask  is  removed,  target  material  wire  formation  could  be  observed

(Figure 4.1A8). Typical wires produced with MML method (Figure 4.1B-C) have widths

down to sub-10 nm range and virtually no limitations on aspect ration and shape [1].

Previous studies revealed that the water mask is  sufficiently stable under high

vacuum to protect the underlying substrate from plasma etching over a wide range of

conditions [2]. The width of the protected region, and therefore, the width of resulting

wires, has no measurable dependence on material of sacrificial mask, provided that it is

hydrophilic. This width also does not depend on sacrificial mask height if the mask is

higher than certain critical value below which no protection occurs. Finally, the water has

additional evaporation process activation energy compared to bulk phase, which in first

order approximation is inversely proportional to distance between adsorbed species and

solid material plane.1



50

Figure 4.1. Scheme and results of the MML process. (A) MML steps sequence. Yellow:

target material; green: hydrophobic resist; gray: sacrificial hydrophilic mask; blue: water

meniscus.  (B)  SiO2 nanowires  array  prepared  using  MML technique.  (C)  Magnified

image of individual SiO2 nanowire.

In this work, we are studying the general features of the MML process using SiO2

wires as a simple model system. Unless otherwise stated, all experiments were performed

with SiO2 wires.

An important practical question in relation to the MML method is whether we can

controllably change the width of the resulting nanowires. A related question is how two

menisci will  behave when placed close to  each other (Figures 4.2A-C).  In the MML
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system the wedge interacts with water molecules at the scale of < 20 nm, which means

that if another wedge with another meniscus is present in the system at this or smaller

distance, the menisci can interact with both wedges. Possible interaction scenarios can be

divided into three general categories: the menisci are suppressed in the presence of the

additional wedge, making the resulting wires narrower (Figure 4.2A); the menisci do not

interact (Figure 4.2B);  or are additionally stabilized and probably overlapping, or the

resulting wires are wider (Figure 4.2C). For the gaps between the wedges as small as 45

nm and 90 nm for pointed angular masks (Figure 4.2D-E) and for 85 nm gaps between

parallel  wedges  (Figure  4.2F),  no  observable  interaction  of  menisci  was  present,

supporting the scenario shown in Figure 4.2B. Those gaps were the smallest we were able

to  reproducibly fabricate  using  conventional  electron-beam lithography, and  for  even

smaller  gaps  the  outcome  may  change,  providing  some  information  on  interaction

character.
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Figure 4.2. Closely placed wires. (A-C) Potential scenarios for menisci behavior between

closely placed wedges. (A) Menisci are suppressed by two adjacent wedges. (B) Menisci

interact only with the closest wedge and ignore the other one. (C) Larger menisci are

stabilized by two adjacent wedges. (D-F) SEM images of SiO2 nanowires formed with

closely placed wedges. No menisci interaction is observed. Scale bars are 100 nm.

Although  interaction  of  closely  located  wedges  might  alter  the  width  of  the

resulting wires as depicted in Figure 4.2A, C, we did not observe this in the range of
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conditions studied. Another approach to width adjustment is to change the macroscopic

wettability of the target material and mask by chemical modification. To study that, we

modified the gold surfaces with self-assembled monolayers of thiols [3-4]. Thiols are

known to bind to Au surfaces and could provide macroscopic contact angles ranging

from ~ 0o for modification with HS-(CH2)n-OH and HS-(CH2)n-COOH (ref. 4) to over 90o

for modification with HS-(CH2)n-CH3 (ref. 4). We tested the modification of Au surfaces

with thiols in two cases: (1) Au as the target material layer in fabrication of Au wires; and

(2) Au being the sacrificial mask layer in the fabrication of SiO2 wires. In both cases we

did not observe any measurable difference between samples treated with different thiols

and  the  control  samples  not  treated  with  thiols.  Macroscopic  contact  angle  and

microscopic interaction of water with the substrate are governed by different phenomena

and should not be directly related to each other [5].

All process modification we have tested before resulted in one of two outcomes:

wires were either formed with the same width or were not formed at all.

Figure 4.3. Webbing in triple angle wedge. (A) Schematic representation of a meniscus
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in triple edge and the resulting masked shape. The light blue volume corresponds to a

thicker water film part that protects the substrate from plasma etching. Note that actual

wedges studied could have smaller heights, in which case the thicker film could extend to

the top rim of the wedge. (B-D) Modeling of webbing profiles for different angles: (B)

θ = 90o; (C) θ = 60o; (D) θ = 45o; (E) θ = 30o. Note that plot (B) exactly coincides with an

adsorbed water profile for a regular wedge, up to scaling factor. (F-G) SEM images of

actual webbing at different magnifications. Scale bars are (F) 1 μm; (G) 100 nm. (H-I)

Schematics of interpretation of images (F-G).

In order  to study the detailed behavior  of  the meniscus  mask,  we produced a

model that will allow us to derive more information on the phenomena involved. Indeed,

the width of MML nanowires is pushing the limits  of conventional scanning electron

microscopy resolution  and  exceeds  atomic  force  microscopy lateral  resolution,  while

transmission electron microscopy could not be used on planar objects without complex

sample  preparation.  Scanning  tunneling  microscopes  usually  require  much  more  flat

samples.

A triple angle, where three wedges meet at a single spot, was chosen as the model

object (Figure 4.3A). To form this structure, a concave V-shaped pattern would be used as

a pattern for MML. In the vertex of the “V”, three planes (substrate and two mask walls)

come together  forming the desired structure during the second MML process etching

step.

According to a first order approximation meniscus model proposed originally [1],
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the  meniscus  shape  is  determined  by  the  critical  additional  activation  energy  of

evaporation process  ΔE, for which the characteristic evaporation process time could be

considered negligibly large compared to typical vacuum treatment time. The first order

approximation for ΔE could be written as eq 4.1:

ΔE=
ξ
ρ
+ ō( 1

ρ2 ) (4.1)

where ξ is the interaction constant and ρ is the distance between the flat surface and the

molecule. In eq 4.1 nothing is postulated about nature or origin of the ΔE except that it

decreases with distance from the substrate and increases quickly near it. Eq 4.1 does not

take into account the possible dependence of ΔE on the position of the molecules in plane

parallel to the surface. However, the surfaces in question are not necessary infinite, and

have edges, where the planes meet to form a wedge. But nevertheless we will use this

equation as simplest model possible.

For a nanowire forming wedge, eq 4.2 is afforded:

ΔE≈
ξ x

x
+

ξ y

y
(4.2)

where  x and  y are  distances  from  the  molecule  to  solid  planes,  and  ξx and  ξy are

corresponding potential  equation constants.  The nanowire width is  determined by the

width of the water film layer that is sufficiently thick to resist plasma etching, by position

of xs = w (Figure 4.3B) at which thickness of the layer y (coordinate of the film surface

molecules) is larger than some critical value h. Hence, if all distances are represented in

the number of molecular layers, eq 4.3 is afforded:
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trunc(
ξ y

ΔEs−
ξ x

x s
)= y>h (4.3)

where trunc():    is some truncation function, as there must be an integer number ofℝ ↦ℕ

molecules  in  either  direction according to  the  cell  model  used,  and the width of  the

nanowire is determined by eq 4.4:

w=max(x ): x∈ℕ ; trunc (
ξ y

ΔE s−
ξ x

x
)= y>h (4.4)

But real molecules do not have cubic shapes, and distances cannot be measured in

numbers of layers, at least at some distance from the substrate. Transition from this cell

theory to actual molecules is not obvious and must be justified separately, which poses as

complex a problem as understanding of the MML process in itself. Also, the exact form

of truncation operation is not clear, while the result depends on it and on the value of h in

complex and unstable way [1].

For a triple angle wedge, overall ΔE will be determined by eq 4.5:

ΔE≈
ξ x
ρx

+
ξ y
ρy

+
ξ z
ρ z

(4.5)

where  ξi and  ρi (i = {x,  y,  z})  are  interaction  constants  and distances  to  each plane,

correspondingly (here we generalize distances for it is relatively simple to create triple

angle  wedges  with  various  angles  between  planes).  Now, assigning plane  z with  the

substrate plane (horizontal), and introducing the critical film thickness h again, we get the

following condition of meniscus metastability (or the condition for molecules at height of

at least h to stay adsorbed for the process time), eq 4.6:
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ξ x
ρx

+
ξ y
ρ y

> ΔEs−
ξ z

h
=const (4.6)

where all  distances must correspond to an integer number of molecular layers in our

cellular model. Assuming that the x and y planes are made of the same material (which is

the case for all experiments described in this work, as these planes are side surfaces of

metal sacrificial mask), we can rewrite eq 4.6 as eq 4.7:

1
ρx

+
1
ρy

=const (4.7)

which,  again,  should  be  solved in  integer  number  of  molecular  layers.  However, the

metastability condition turns out to be stable against the truncation procedure, as there is

another integer eq 4.8:

ρx+ρy−Cρxρy=0 (4.8)

C is  a  constant,  to  be  solved,  and its  solutions  could  be  shifted  only as  much  as  1

molecular layer away by truncation procedure, while the macroscopic result will be the

same. For simplicity, we will not discuss the quantization error and treat the system as a

pseudo-continious  phase  from  now  on,  remembering  though  that  we  are  discussing

molecular level phenomena.

Interestingly,  the  form  of  eq 4.7  closely  resembles  the  form  of  eq 4.2.  The

physical meaning of this is that the area protected by the meniscus in the triple angle

wedge could be interpreted as a cross-section of meniscus in the wedge in some unknown

scale,  and  the  cellular  model  used  originally  [1]  could  be  readily  applied  to  the

description of objects we called webbings due to their shape (Figures 4.3B-G).

It  could be shown from eq 4.8,  by substitution of  ρx and  ρy with their  explicit
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cartesian form and some rearrangement, that the webbing edge should have a shape of a

second order curve, more specifically, hyperbolic. Indeed, experimentally we observe the

hyperbolic shape of the webbing. It has a curved tip close to the triple angle tip and then

asymptotically approaches straight lines. Far from the tip, normal straight MML wires are

formed.

The canonical hyperbolic curve equation has only two parameters, and so are the

webbings if their absolute position and rotation are disregarded. The webbings could be

described  by the  angle  θ between  asymptotes  (which  is  equal  to  the  angle  between

vertical planes and is defined by lithography with high accuracy) and distance between

hyperbola center (the intersection of the asymptotes, which generally does not coincide

with the triple wedge vertex) and hyperbola vertex – a. These parameters can be directly

measured on actual webbing (Figures 4.3B-I) and attributed to the canonical form of

hyperbola (assuming that it is aligned with its transverse axis along axis x on 2D plane,

and its center is located at the origin), as in eq 4.9, 4.10 and 4.11:

x2

a2 −
y2

b2 =1 (4.9)

a=d−
w

sin( θ2 )
(4.10)

b/ a=tan (θ2 ) (4.11)

where w is the MML nanowire width and d is the webbing distance measured from the

wedge vertex  to  the  hyperbola vertex (Figure 4.3B).  It  is  also important  to  note that

fitting these parameters with real data might provide an indirect measure of the actual
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MML nanowire width w, if a more accurate form of ΔE(x, y, z) is derived.

The webbing could be considered just a section of a nanowire with higher width,

and so far this is the only method we found that allows significant variation of nanowire

width. It could also be possible to create a mask with a jagged edge that would result in

formation of wider wires consisting of interlapping webbings. This also suggests that

there is the possible influence of mask edge quality on the width of the nanowire, since a

rough mask edge is a jagged line with very small features. So far we were unable to

observe this.

Webbing  has  an  appearance  somewhat  resembling  the  shelf  defect  structure

observed for chemically etched nanowires [2]. To confirm that the webbing is actually a

result of capillary effects and not the etching feature, we conducted experiments with the

formation of similar structures using physical sputtering to etch the SiO2, and observed

similar results.

Since  the  webbing  distance  d could  be  measured  with  much  higher  relative

accuracy, we attempted to observe the difference in webbing distances for SiO2 wires

prepared using Au sacrificial metal masks (Figure 4.3) which were modified in different

ways.  For  unmodified  (uncleaned)  Au  mask,  the  average  webbing  distance  was

194 ± 6 nm; for piranha cleaned Au mask, 173 ± 5 nm; for HS-(CH2)15-COOH modified

Au mask,  167 ± 4 nm;  and  for HS-(CH2)17-CH3 modified  Au  mask,  140 ± 7 nm.  The

sample  with  the  Au  mask  modified  with  HS-(CH2)17-CH3 had  the  smallest  webbing,

which  correlated  with  the  highest  macroscopic  wetting  angle  for  Au  films  with  this

modification (~ 100o). The Au films cleaned with piranha and modified with HS-(CH2)15-
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COOH  both  had  ~ 0o macroscopic  contact  angle.  The  similarity  in  behavior  of  the

corresponding samples was expected. The higher average webbing distance for samples

with unmodified Au mask is  attributed to the additional surface roughness caused by

residual PMMA on the surface, promoting better adhesion of water.

Figure 4.4.  The  webbing  distance  histograms  for  Au  masks  with  modified  surfaces.

Webbing angle between wedge walls  θ = 30o. At least 10 webbing were measured. (A)

control with the as-prepared Au mask; (B) Au mask cleaned with piranha; (C) Au mask

modified with HS-(CH2)15-COOH; (D) Au mask modified with HS-(CH2)17-CH3.
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Since the general idea behind the MML mechanism is the formation of a water

meniscus  in  any  wedge  between  two  microscopically  hydrophilic  surfaces,  a  new

meniscus  could  be  formed  after  etching  upon  sample  exposure  to  ambient  moisture

(Figure 4.5A)  resulting  in  protection  of  material  adjacent  to  the  freshly  produced

sidewall. Cycles of alternating etching and exposure to moisture result in formation of

stair-like structures (Figure 4.4A); the number of observed terraces corresponding to the

number of etching/recovery cycles.

This meniscus recovery phenomenon was particularly pronounced for triple angle

wedges (Figure 4.5B-H). Far from the triple angle wedge vertex, the width of the terrace

group  made  with  4  cycles  is  4  times  the  width  of  normal  MML fabricated  wire  w

(Figure 4.5I). Interestingly, the shapes of webbing terraces resemble the hyperbolic shape

of the first webbing and also could be fitted with hyperbolae.  We defined subsequent

webbing distances  as  shown on Figure 4.5J.  It  is  important  to  note  that  exposure to

ambient atmospheric moisture is essential to meniscus recovery. In control experiments

performed without exposure to the atmosphere, a single deep webbing/wire was formed

regardless of the number of the etching cycles.
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Figure  4.5.  Meniscus  recovery  process.  (A)  Schematic  representation  of  meniscus

recovery. (B-H) 4 cycle meniscus recovery in triple angle wedges with (B) θ = 10o; (C)

θ = 15o; (D)  θ = 20o; (E)  θ = 30o; (F)  θ = 45o; (G)  θ = 60o; (H)  θ = 90o. (I-J) Schematic

representation of hyperbolic webbing; di are terrace widths; webbing distance for the nth

cycle is ∑
i=1

n

d i; mask webbing for the nth cycle is ∑
i=1

n−1

d i.

For smaller θ values, the first webbing distance d1 was, as with single webbings,
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large,  but  quickly  decreased  with  more  cycles,  ultimately  approaching  the  width  of

normal MML fabricated nanowire  w (Figures 4.6A-C). For large  θ, webbing distances

were  closer  to  w from the  first  cycle  and became yet  closer  to  it  with  more  cycles

(Figures 4.6D-E). This convergence could be because later webbings have less curvature

and locally resemble straight wires. The webbing distance distribution did not depend on

the  step height  in  the  7 – 50 nm range,  in  agreement  with threshold  wire formation

dependence on mask height [1].

Study of webbing distance distribution should provide valuable information about

the MML meniscus nature. The pair of parameters θ and d allows qualitative comparison

of the webbings with higher precision than that for comparison of only the nanowire

widths. Ultimately, some relationship between binding  d and  θ should exist, and when

found would allow one to interpret forces involved in this process. Figure 4.6F provides

the raw data for first webbing distance as a function of angle θ. 
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Figure 4.6. Distribution of terraces width di for different mask shapes. (A-E) Dependence

of  terrace  width  di from  webbing  parameter  of  previous  terrace  edge  for  different
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webbing  angles.  (A)  θ = 10o;  (B)  θ = 15o;  (C)  θ = 20o;  (D)  θ = 30o;  (E)  θ = 45o.  (F)

Dependence of first cycle webbing distance on webbing angle.

The meniscus recovery process is  a  simple way to narrow gaps.  To study the

interaction of menisci between closely located wedges, we have repeatedly narrowed the

gap between 2 masks by recovering menisci formed near them (Figure 4.7). For pointed

angular masks separated initially by ~ 45 nm, non-interacting menisci are formed in the

first cycle, while in the second cycle, when masks are separated by ~ 25 nm, the menisci

join for a wide range of mask geometries (Figures 4.7A-D). For pointed angular masks

with  an  initial  separation  of  ~ 90 nm  (Figure 4.7E),  the  non-interacting  menisci  are

formed in the first cycle, and subsequent menisci clearly do not overlap up to the fourth

etch-recovery cycle. However, it is unclear whether the menisci are suppressed or not due

to difficulty with determination of the width of MML nanowires. For the case of parallel

wedges initially separated by 25 ± 10 nm gaps (Figure 4.7F), some sections of menisci

apparently overlapped in the first cycle of recovery, and all remaining menisci sections

overlapped in the second recovery cycle, likely corresponding to regions with narrower

and  wider  parts  of  initially  patterned  gap.  In  the  case  of  parallel  wedges  initially

separated by ~ 85 nm gaps (Figure 4.7G), non-interacting menisci are formed in the first

cycle,  some sections  of  menisci  join  in  the  second  cycle  (corresponding  to  ~ 65 nm

wedge separation) and the rest join in the third cycle. However, menisci regions near the

gap ends did not overlap even after four recovery cycles.
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Figure 4.7. Meniscus recovery in narrow gaps, 4 recovery cycles. (A-D) Pointed angular

masks separated initially by ~ 45 nm gaps. The angle between opposite mask sides is (A)

30o; (B) 45o; (C) 60o; (D) 90o. (E) Pointed angular mask initially separated by ~ 90 nm

gap. The angle between opposite mask sides is 30o. (F) Parallel wedges separated initially

by 25 ± 10 nm gap. Inset: magnified center part. (G) Parallel wedges separated initially

by ~ 85 nm gap. Scale bars are 100 nm.

Numerous experiments previously performed demonstrated, that the formation of

nanowires in MML process does not depend on the particular RIE instrument used for

fabrication [1-2]. Moreover, the webbing distances for single etching in triple angular

wedges were identical in different machines. However, we have found that the meniscus

recovery  process  strongly  depends  on  the  instrument  used.  For  meniscus  recovery

experiments we used two instruments: Oxford ICP 100 with exchange lock chamber for
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experiments  shown  in  Figures  4.5B-H  and  a  PlasmaTherm  790  RIE  with  ventable

chamber  for  experiments  shown  in  Figures  4.8A-C.  We  observed  that  for  the

PlasmaTherm instrument, the terraces, starting from the second one, are much wider than

those for the Oxford ICP instrument. In the PlasmaTherm, for 4 meniscus recovery cycles

we observed only 2-3 microscopic terraces, while the fourth and sometimes even the third

extends to at least several microns around the pattern. This indicates that much larger

menisci are stable for samples etched with the PlasmaTherm instrument.

It  is  well  known that  instruments  with  ventable  chambers  are  more  prone  to

formation  of  silicon  grass  due  to  higher  levels  of  chamber  contamination  [6-7].

Moreover, the base pressure in the Oxford ICP 100 instrument was ~ 10-6 Torr, whereas in

the PlasmaTherm 790 RIE instrument is was ~ 10-3 Torr. Our observations on terrace

width could be explained by effects similar to those leading to silicon grass formation.

The contaminants randomly protect the substrate from etching, thus creating relief over

all  the  exposed areas  of  the  sample  and  increasing  roughness,  and hence  promoting

stronger interaction of water with the substrate. These effects become apparent starting

from the second meniscus recovery cycle because the substrate on the first cycle is not

yet affected by the instrument.

To  investigate  this  possibility,  we  performed  meniscus  recovery  experiment

alternating RIE machines after 2 recovery cycles. The sample that was treated for the first

two recovery cycles in the Oxford ICP and then for third and fourth recovery cycles in

PlasmaTherm  demonstrated  three  regular  terraces,  after  which  an  extended  fourth

webbing terrace was formed (Figure 4.8D).  This  shows that  the Oxford ICP did not
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produce significant roughness of the substrate, but a single etching in the PlasmaTherm

produced roughness sufficient to alter the behavior of the meniscus. The sample that was

treated for the first two recovery cycles in the PlasmaTherm has extended second and

third terraces and a macroscopic fourth terrace. The sample had roughness sufficient to

sustain larger meniscus even in the Oxford ICP. Interestingly, etching in the Oxford ICP

seemed  to  further  increase  roughness  created  by  the  PlasmaTherm.  Based  on  these

results,  it  is  probable  that  the  roughness  produced  by  2  recovery  cycles  in  the

PlasmaTherm is sufficient to stabilize water on the surface of the sample so that it cannot

be removed by Oxford ICP pumping system.

Figure 4.8. Meniscus recovery variation with etch apparatus. (A-C) Etching performed

with PlasmaTherm 790 RIE. (A)  θ = 30o;  (B)  θ = 90o;  (C)  θ = 150o; (D) The first two

recovery cycles performed in an Oxford ICP 100. This was followed by two more in a

PlasmaTherm  790  RIE,  θ = 30o.  (E)  The  first  two  recovery  cycles  performed  in  a
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PlasmaTherm 790 RIE. This was followed by two more in an Oxford ICP 100, θ = 30o.

Scale bars are 100 nm

This effect could be used to fabricate rough surfaces demonstrating high stability

against  plasma due  to  a  thick  water  film adsorbed  onto  their  structural  features.  To

demonstrate  this  effect,  we  patterned  an  array  of  1 μm-sided  and  2 μm-separated  Al

squares,  and  performed  multiple  meniscus  recovery  cycles  in  the  PlasmaTherm

instrument  (Figure 4.9).  After  removal  of  Al,  the  SEM  images  of  the  array  side

(Figure 4.9A) demonstrate that the fourth menisci of all the squares are overlapping and

extending microns away from the starting array. Due to the randomized nature of relief

formation,  the  exact  number  of  cycles  needed to  form substrates  stable  in  plasma is

difficult  to  determine.  However,  in  typical  experiments  3-4  recovery  cycles  were

sufficient  to  achieve  meniscus  overlapping  across  a  few  microns  for  this  pattern  of

squares. The AFM image of the resulting surface after mask removal (Figure 4.9B) shows

how etching depth increases stepwise away from the center of the array, illustrating the

relief  development.  Squares  inside  the  array  have  3  terraces  adjacent  to  them

(Figure 4.9C)  and  the  space  between  is  covered  with  relief  of  complex  geometry

(Figure 4.9D).
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Figure 4.9. Plasma-resistant surface formation in a PlasmaTherm 790 RIE. (A) SEM of

edge of the squares array after 4 recovery cycles. (B) AFM image of the squares array

after 6 recovery cycles. Note stepwise decrease in height towards the right corresponding

to overlapping macroscopic terraces. (C) SEM of space between the squares inside the

array. (D) Magnified SEM image of relief geometry within the overlapped terrace.

Similar meniscus recovery experiments were performed on patterns with holes

(Figure  4.10)  forming  circular  wedges.  The  meniscus  recovery  procedures  were

performed on the inner parts of the hole. For 4 cycles of meniscus recovery in an Oxford

ICP 100 instrument (Figures 4.10A-E) all 4 expected terraces were observed even for

holes as small as ~ 75 nm (Figures 4.10A, D) in diameter. The overall depth for holes of

each diameter was equal to thickness of material removed in all four etchings outside the

patterned region. For samples etched in the PlasmaTherm 790 RIE instrument (Figures

4.10F-N), the hole depth was found to strongly depend on the diameter of the hole in the

starting mask. We observed the etching to cease after one meniscus recovery cycle for
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~ 75 nm holes (Figures 4.10F, I,  K), after 2-3 meniscus recovery cycles for ~ 175 nm

holes  (Figures 4.10G, J, L)  and  observed  full  etching  only  for  ~ 460 nm  holes

(Figures 4.10H, M).

Interestingly, the  results  observed  for  ~ 460 nm holes  etched  in  PlasmaTherm

instrument  do  not  exactly  coincide  with  the  terrace  sizes  in  terrace  overlapping

phenomenon (Figures 4.8,  4.9). Although this  could be attributed to the instability of

rough surface formation process, the difference in terraces sizes is much larger than the

usually  observed  fluctuations  for  the  PlasmaTherm  790  RIE  instrument.  This  could

indicate  that  menisci  interaction  character  in  the  circular  wedge  differs  from that  in

parallel wedges or pointed angular wedges.
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Figure 4.10. Meniscus recovery in holes, 4 recovery cycles. (A-E) Etching performed in

an Oxford ICP 100 instrument.  (F-J) Etching performed in a Plasma Therm 790 RIE

instrument. (A, D) and (F, I) ~ 75 nm average hole diameter SEM images; (B, E) and (G,

J) ~ 175 nm average hole diameter SEM images; (C) and (H) ~ 460 nm average hole

diameter, low magnification SEM image. (K-M) AFM images for samples made in a

Plasma  Therm  790  RIE  instrument.  The  hole  depth  depends  on  hole  diameter.  (K)

~ 75 nm average  hole  diameter;  (L)  ~ 175 nm average  hole  diameter;  (M)  ~ 460 nm

average hole diameter. (N) Typical AFM profiles cut across hole diameter for ~ 460 nm

average hole diameter (in black), ~ 175 nm average hole diameter (in red) and ~ 75 nm

average hole diameter (in blue). Scale bars are 100 nm for (A-J) and 200 nm for (K-M).

Height range in the images (K-M) is 35 nm.

The  water  in  the  meniscus,  although  bound  to  the  substrate,  was  found  to

demonstrate the chemical properties of water. For example, the water meniscus could be

immobilized  (Figure  4.11A)  by  TiCl4 hydrolysis  and  formation  of  a  templated  TiO2

structure in the wedge. For these experiments, we used chemically inert Au metal masks

for wedge formation, and the freshly deposited hydrated TiO2 was annealed to harden the

titania, enabling wet etching of the mask layer. The resulting structure manifests itself in

both SEM (Figure 4.11B) and AFM (Figure 4.11C) as thick cracked fin-like structure

near the former mask edge, partially standing upright and partially fallen to the side.
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Figure  4.11.  Meniscus  immobilization  through  reaction  with  TiCl4.  (A)  Experiment

scheme; (B) SEM image of resulting TiO2 structure in the corner. (C) AFM image of TiO2

structures formed on the striped mask sidewalls. Height range is 120 nm.

4.3. Conclusions

To conclude,  we have developed several important  modifications to the MML

process allowing better understanding of the mechanism and enhancing the flexibility of

the method. The width of structures formed by the MML process in concave corners is

much more sensitive to changes in the process than the width of MML nanowires, while

conclusions  about  meniscus  properties  derived  for  triple  angle  wedges  could  be

extrapolated  onto  nanowires  formation.  We  have  demonstrated  the  possibility  of

nanowire width change through webbing formation and through the changes in surface

roughness.

Meniscus recovery and immobilization experiments furthermore confirm that the

meniscus is indeed present and water-based. Extended menisci could be formed in some

RIE machines and they make substrates quite resistant to plasma etching, which could
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have practical applications.

4.4. Experimental

MML process and general methods

In most experiments we dealt with SiO2 wires and structures. In these experiments

we used polished, single-sided, heavily p-doped Si wafers with a 300 nm thermal SiO2

layer (Silicon Quest International) as starting films. SiO2 wires were formed from those

substrates using meniscus-mask lithography process sequence as described elsewhere [1].

We used Al sacrificial metal mask layers in all experiments unless stated otherwise. Both

Al and Au sacrificial metal masks were deposited by sputtering (using Denton Desk V

Sputter  system).  The  wet  etching  of  Al  masks  was  performed  in  a

H3PO4/HNO3/CH3COOH/H2O (80/5/5/10 vol%) mixture [8]; for Au masks a mixture of

I2/KI/H2O (5/10/85 wt%) was used [8]. For experiments with Au wires, we used ~ 15 nm

sputtered  Au  films  on  Si/SiO2 substrates  as  a  starting  film.  In  those  experiments,

sacrificial  Al masks were used.  The sample patterning was performed using electron-

beam lithography with a JEOL 6500F SEM at 30 kV acceleration voltage and 300 pA

beam current using PMMA 950 A resist. The SEM imaging of the wires was performed

with  a  JEOL 6500F  SEM at  15 kV accelerating  voltage  without  additional  applying

conductive coating. The AFM measurements were performed in tapping mode using a

Bruker Multimode 8 instrument with TESPA-V2 tips. Reactive ion etching of SiO2 was

performed  in  Oxford  ICP 100  instrument  and  in  PlasmaTherm 790  RIE instrument.

Reactive ion etching of Au was performed in Oxford ICP 100 instrument. The etching
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conditions are given in Table 4.1.

Table 4.1. Etching conditions.

SiO2 etching in Oxford ICP 100 instrument pressure = 20 mTorr;

RIE power = 100 W;

SF6 flow = 25 sccm; O2 flow = 5 sccm;

typical process time = 40s;

typical bias = 185 V;

SiO2 etching in PlasmaTherm 790 RIE

instrument

pressure = 100 mTorr;

RIE power = 100 W;

CF4 flow = 30 sccm; O2 flow = 5 sccm;

process time = 40s;

typical bias = 230 V;

Au etching in Oxford ICP 100 instrument pressure = 15 mTorr;

RIE power = 150 W;

Ar flow = 50 sccm;

process time = 120 s;

typical bias = 370 V

Thiol modification.

Prior  to  thiol  modification,  Au substrates  were  thoroughly cleaned  to  remove

residual PMMA. Au surface cleaning and modification steps were performed after the

sacrificial  metal  layer  mask  deposition  and  lift-off.  In  Au  wires  fabrication  process,
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cleaning  was  performed  with  UV-ozone  cleaner  (Boekel,  model  135500).  In  SiO2

structures fabrication with Au masks, piranha solution (3:1 H2SO4:H2O2) was used for the

cleaning. In a typical modification experiment, ~ 5 mg of solid thiol was dissolved in

~ 5 mL of ethanol, and the sample was placed in the solution for several hours. After that,

the sample was rinsed in ethanol, and dried in N2 flow. The second dry etching step was

performed immediately after the thiol modification step.

Meniscus recovery.

For meniscus recovery we used a Peltier module to cool the sample below the

dew  point  to  ensure  water  meniscus  recovery  during  sample  exposure  to  ambient

moisture. In experiments with formation of overlapping macroscopic menisci we started

from patterning of the metallic mask skipping the first etching step of the standard MML

procedure.

Meniscus immobilization.

For the meniscus immobilization experiments we used SiO2 substrates patterned

with Au masks.  For meniscus immobilization process a custom vacuum chamber was

made. Small sample chamber (~ 1 cm3) was connected to a dry nitrogen line, a vacuum

pump with a liquid nitrogen trap and a chamber partially filled with TiCl4 liquid so that

saturated TiCl4 vapor could be fed into the sample chamber. A trap for acid fumes was

installed between the chamber and the pump to prevent damage to equipment and to

mitigate  hazards.  After  loading  the  sample  in  the  vacuum chamber,  the  system was

flushed  with  dry  nitrogen  and  subsequently  evacuated  for  1  h.  Then  the  pump  was

isolated from the chamber and the cold trap was filled with liquid nitrogen. After 10 min
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of cold trap cooling, saturated TiCl4 vapor was introduced into the system for 10 min. The

system was then flushed with dry nitrogen and heated to 80 oC to remove excess TiCl4.

Then the sample was removed from the chamber, annealed at 300 oC for 1.5 h in air, and

the Au mask was then wet etched.
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Chapter 5

Perchlorate  Unzipping  Of  Multi-walled  Carbon

Nanotubes

5.1. Introduction

Graphene  nanoribbons  (GNRs)  have  attracted  the  attention  of  the  scientific

community over the past several years [1]. One of the major advantages of GNRs is that

it is predicted theoretically [2] that narrow GNRs may have a non-zero bandgap close to

the Fermi level while retaining the charge transport properties of 2D graphene, which

makes GNRs a promising material as a field-effect transistor channel [3]. However, since

proposed, GNRs have found other applications, exploiting their geometry in conjunction

with their mechanical strength [4], electrical conductivity [5], dispersibility [6], chemical

modification flexibility [7]. Bulk quantities of GNRs for use outside the microelectronic

industry could be produced using nanotube unzipping methods, and these methods could

be classified into oxidative [8] and non-oxidative [9] approaches. While non-oxidative

methods are shown to produce GNR stacks with well-defined graphene-like structure,

exfoliation  of  the  stacks  into  monolayer  ribbons  is  difficult.  Oxidative  unzipping,
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however, produces easily exfoliated graphene oxide nanoribbons (GONRs), but it heavily

damages  their  structure.  These  objects  tend  to  have  much  lower  conductivity  nd

diminished  mechanical  properties  compared  to  GNRs  produced  by  non-oxidative

methods  [8]  due  to  surface  damage  of  the  basal  planes.  On  the  other  hand,  some

applications  exploit  the  defects  on  GONRs  and  their  reduced  analogues  in  order  to

capture edge-induced reactions. Among these is the oxygen reduction reaction catalysis

for which structures consisting of carbon nanotubes attached to GNRs were shown to

have a high performance [10]. In this work we used a less aggressive oxidant, perchlorate

ion, than used in the original oxidative unzipping method (KMnO4) [8] to produce GNRs

with a less damaged basal plane structure. Reduction of the oxidative potential of the

oxidant also yielded in an unusual product morphology for the GONRs where there were

ribbons under a remaining carbon nanotube.

5.2. Results and discussion

Previously described oxidative unzipping of MWCNTs results in heavily oxidized

GONRs [8]. Here we used a modified unzipping procedure with less aggressive oxidating

agent,  potassium chlorate  KClO3,  instead of potassium permanganate KMnO4 (Figure

5.1A). MWCNTs suspended in concentrated sulphuric acid were treated with 500 wt%

KClO3 for 5 d at room temperature (22 oC). Chlorate ion (oxidative potential 1.152 V in

acidic conditions [11]) is a milder oxidant than permanganate ion (oxidative potential

1.507-1.679  V  in  acidic  conditions  [11]),  which  exists  as  manganese  heptoxide  in

concentrated sulphuric acid and has even higher oxidation potential  in this  state.  The

reduction of chlorate occurs in two stages: first, chlorate ion ClO3
- (colorless in solution)
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reduces  to  chlorine  dioxide  ClO2 (green  gas,  oxidative  potential  1.277  V  in  acidic

conditions [11]), which then reduces to chlorite ion ClO2
- (colorless in solution). This

color change was observed during synthesis: first, solution became green and green gas

evolution was observed along with slight self-heating of the reaction mixture, then this

color  dissappeared,  presumably upon completion of  the  process.  We obtained GONR

stacks similar to GONRs described in Ref. 8 with a nanotube on top of each of the stack

(Figure 5.1B).  Parallel  edges  of  the GONRs similarly to  previously reported indicate

occurrence of a linear longitudal cut, although oxidation mechanism might be different

from prefiously reported.

We observed in SEM that each of the several thousand studied GONR stacks was

topped with a nanotube (Figure 5.1B). The fact that we always observed the nanotube

over the stack and not under the stack of GONRs could be explained if we suggest that in

suspension  ribbons  are  unzipped,  but  still  wrapped  around  the  non-unzipped  core

nanotube.  These  GONRs  inherit  the  structure  of  the  source  MWCNT, and  require  a

contact with substrate to unroll. 

It is very diffucult to separate the nanotube from the GONRs stack. Sonication

and use of various known exfoliating reagents [9, 12], resulted either in no separation or

complete destruction of the material. As nanotubes are strongly bound to GONR stacks, it

is possible that this material could be used for fabrication of carbon fibers, where CNTs

will provide tensile strength while GONRs will maximize contact area between adjacent

threads.
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Figure 5.1. Chlorate unzipped CNTs. (A) Scheme of the process. (B) Typical SEM of the

reuslting GONR stacks with CNT on top of them. Note locally parallel  edges of the

darker  nanoribbon  stack  and  brighter  nanotube  core  in  the  middle.  (C-D)  Low-

magnification TEM images of CNT/GNRs. (C) TEM image of GONR stack with CNT on

top on it. (D) Gap in the GONR attached to CNT core. Note well preserved crystalline

structure  of  CNT. (E)  Electron  diffraction  pattern  for  GONRs  stack.  Scale  bars  are:

(B) 1 μm; (C) 100 nm; (D) 10 nm.
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Low-magnification  TEM  images  (Figure  5.1C)  shows  the  same  nanotube  on

GONRs stack structure observed in SEM. The core nanotube is clearly seen on GONRs

stack propagating along it. Figure 5.1D shows breaks in nanoribbons probably originating

from lower  unzipping directionality  than  in  the  KMnO4 oxidative  unzipping method.

Electron diffraction from GONR stack area (Figure 5.1E) shows distinct 6-fold symmetry

with  only  one  set  of  spots  present.  Slight  circular  stretch  of  diffraction  spots  could

originate  from an unstable  mechanical  support  of  the  observed object  and  folds  and

ripples. 

High-resolution  TEM  shows  an  outstandingly  high  quality  of  GONR  surface

(Figure 5.2) which is almost indistinguishable from a pristine graphene structure [13].

Small disordered areas separate high-quality graphene regions. This structure is closer to

pristine graphene than structure of GO and reduced annealed GO [13]. As GO studied

with TEM in Ref. 13 was prepared using permanganate chemistry in a process similar to

oxidative unzipping of MWCNTs, we could state that our assumption that chlorate is a

much milder oxidizing agent and should better preserve graphitic structure of the CNTs is

supported by our TEM data. Zigzag and armchair edges could be seen alternating with

short  disordered  edge  sections  (Figure  4.2A).  Locally  GONRs  produced  by chlorate

oxidation  are  almost  not  oxidized  and  are  expected  to  possess  electronic  properties

similar to GNRs, but on long range conductivity should be suppressed by fragmentation.

However, all fragments should be electrically connected to the core nanotube and the

combination of GONRs stack and CNT is expected to behave similarly to few-walled

CNTs with unzipped outer wall described in Ref. 10.
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Figure 5.2. High-resolution images of different regions of a GONRs stack. (A) Edge of

the  nanoribbon.  Note  120o kinks  and  edges  that  match  with  neighbouring  graphitic

regions as pristine zigzag or armchair edge. (B) Basal plane of the nanoribbon. Note large

ordered regions separated with defective areas on both images. Scale bars are 1 nm.

The oxidation of MWCNTs with chlorate proceeds linearly with more oxidation

agent added to the reaction mixture. The ratio of oxygen to carbon peak in XPS spectra of

the nanotubes unzipped using different amount of oxidant is shown in Figure 5.3A. In

order to exclude the influence of adsorbed water, the samples were annealed prior to

measurement  (300  oC in argon).  This  indicates  that  oxidation  process  does  not  reach

saturation and there is no significant loss of reagents through gas phase.

To understand  the  mechanism of  such  mild  oxidative  unzipping,  we  tried  to

separate the two chlorate reduction stages by (1) bubbling nitrogen gas through solution

to drive away ClO2 gas and (2) by bubbling ClO2 gas through suspension of MWCNTs in
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sulphuric  acid.  Neither  of  separate  reaction stages  resulted in  unzipping according to

SEM data which indicates that both reagents are requred for the unzipping.

We compared  reaction  of  chlorate  with  MWCNTs suspended  in  concentrated

sulphuric acid to similar systems by using oleum instead of sulphuric acid and using

potassium perchlorate instead of potassium chlorate. The unzipping was observed only in

case of MWCNTs treated with potassium chlorate in sulphuric acid. No unzipping was

observed in  SEM for three other  experiments.  XPS C1s peak of sample treated with

chlorate  in  sulphuric  acid  has  three  distinct  peaks  (Figure  5.3B),  one  of  which

corresponds to normal carbon-carbon bonds in pristine graphitic lattice and the others

could be attributed to hydroxyl and carboxyl groups commonly observed in GO [14].

Very small fraction of carbon is oxidized in sample treated with chlorate in oleum and

almost  no carbon is  oxidized  in  samples  treated  with  perchlorate  both  in  oleum and

sulphuric acid in agreement with SEM data.

Ar atmosphere TGA of the MWCNTs treated with potassium chlorate in sulphuric

acid reveals fast and steady mass loss up to 300 oC corresponding to an evaporation of

adsorbed water and decomposition of most unstable groups  (Figure 5.3C). Above this

temperature,  a  steady slope  independent  from ramp rate  is  observed for  this  sample,

which could be explained assuming that the leaving groups on the surface of the product

are stabilized by conjugated graphene domains  of  different  areas surrounded by non-

conjugated defective areas (as could be seen on Figure 5.2) and thus leave at different

temperatures  at  slow  ramp  rates.  Sample  treated  with  chlorate  in  oleum  also  has

significant  loss of water below 300  oC but  does not have significant  slope extending
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to ~ 850 oC unlike  the  sample  oxidized  in  sulphuric  acid.  This  could  be attributed  to

presence of much smaller amount of functionalities in agreement with XPS data (Figure

5.3B).  Samples  treated  with  perchlorate  decompose  very slightly, which  supports  the

assumption that they are mostly unoxidized.

Figure 5.3. Variations of the MWCNT mild oxidative unzipping procedure. (A) Relation

between mass of oxidant added and XPS oxygen peak intensity normalized to carbon

peak; red line represents linear model fit. (B-D) Comparison of MWCNTs oxidation (1)

with  chlorate  in  sulphuric  acid,  (2)  with  chlorate  in  oleum,  (3)  with  perchlorate  in

sulphuric acid and (4) with perchlorate in oleum.  (B) C1s peak in XPS spectra. (C) TGA



86

data. Slope in range 300-850 oC for (1) does not decrease with slower heating.  (D) XRD

data. Note that the shape and position of low-angle peak (“GO peak”) depend on the

atmospheric conditions during the measurement and thus are not informative. The peaks

in 35o-40o range are attributed to Al2O3 from Al sample holder.

Typical powder XRD patterns for differently treated MWCNT samples are shown

in  Figure  5.3D.  The peak  at  34o corresponds  to  an  interlayer  distance  in  the  source

MWCNTs (so-called graphitic peak, residing very close to the (002) peak of graphite).

The peak around 10o corresponds to the so called “GO peak”, which is observed in GO

samples [14] and corresponds to interlayer distance between basal planes of graphene

oxide  flakes.  This  peak  arises  after  oxidation  due  to  loss  of  symmetry that  prevents

observation of (001) peak in graphite. It is important to note, that the position and shape

of “GO peak” depend on many environmental factors, such as moisture and atmospheric

pressure, as water condenses and intercalates GO at elevated moisture and deintercalates

in drier atmosphere. Thus, this peak parameters could unpredictably change and should

not be relied on.

Based  on  this,  we  propose  the  following  unzipping  mechanism.  Chlorate

reduction proceeds in two stages: first, ClO2 gas is formed, which is much more reactive

than chlorate ion and subsequently reduces to ClO2
- ion. We theorize, that ClO2 gas acts

as slightly targeted unzipping agent, while ClO3
- ions mildly oxidize the basal plane of

the ribbons. Mild oxidation of the basal planes helps MWCNTs to expand and separates

GONRs from the core CNT and thus promotes unzipping to propagate deeper and directs
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ClO2 to unzip the CNT layers instead of randomly oxidizing them. Without this guidance,

ClO2 decomposes the outer CNT layers indirectionally thus producing no GONRs. This

probably happened in samples treated with pure ClO2 gas and with potassium chlorate in

oleum, where reactivity of chlorate ion is  reduced due to lower concentration of free

protons consumed in this reaction. Without ClO2 gas, no significant oxidation happens

and therefore no unzipping is possible, as is the case for sample treated with only the first

stage of chlorate unzipping process and for samples treated with perchlorate.

To measure  electronic  properties  on  GNR-nanotube  pairs,  FET-like  structures

were produced by depositing 20 nm Pt source and drain electrodes onto individual GNR-

nanotube pairs  deposited onto a 300 nm thermal  SiO2 covered Si substrate  and using

substrate Si as the bottom-gate (Figure S5.1). Resistance of such an object was found to

be around 50 kΩ/μm; however, it cannot be attributed to the GNR stack not the nanotube

alone. Thus, we attempted to separate the nanotube and the GNR stack.

As mentioned before, the tube is strongly bound to GONRs stack and the only

separation method we wre able to succesfully utilize for that was chemical-mechanical

polishing (CMP). Sacrificial 100 nm high 100 × 100 μm Pt columns were sputtered in 1

mm center-to-center  distance square array onto substrate  with spreaded GONRs with

CNTs on top of them. CMP was performed manually using a glass slide as an abrasive

surface while monitoring the sample using optical microscopy. This allowed observation

of the moment when nanotubes agglomerates start to move over the substrate indicating

that  at  least  some nanotubes  have  been  separated  from GONR stacks.  The  possibly

damaged ribbons stacks surrounded by carbon residue and with 20 nm thick Pt electrodes
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deposited are shown on Figure S5.2. Conductivity of these objects varied widely from

10-6 to 10-12 S/square, meaning that although most of the basal plane on GNRs are still

clean,  some  local  defects  randomly  distributed  along  the  GNRs  separates  them into

conductive  segments  with  very  weak  conductivity  between  them  –  ultimately  into

completely disconnected  fragments as  shown in Figure  5.1D.  Also,  it  is  important  to

emphasize,  that  significant  conductivity  is  observed  in  some  of  GNRs  without  any

reduction performed, unlike GONRs synthesized with potassium permanganate, which

were non-conductive in non-reduced state  [8],  in agreement with high-reslution TEM

data.
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Figure 5.4. SEM image of a CNT/GNR stack with Pt electrodes deposited. Doped Si

wafer with a 300 nm thermal oxide layer used as a substrate. Lighter areas correspond to

electrodes. The dark stripe has the appearance of a nanoribbons stack, while the brighter

object running along it is a core nanotube.



90

Figure 5.5. SEM image of a GNR stack with Pt electrodes deposited. A doped Si wafer

with a 300 nm thermal oxide layer was used as a substrate. Brighter areas on top and

bottom of  the  image  are  electrodes,  and  the  wide  vertical  stripe  in  the  middle  is  a

nanoribbon. Note locally parallel edges.

5.3. Conclusion

Oxidative  unzipping  of  MWCNTs  by  chlorate  in  sulphuric  acid  resulted  in

formation of  unique structures  consisting of a  CNT on top of a  GONR stack.  These

structures  are  results  of  unrolling  of  GONR stacks  wrapped  aroung  core  CNT upon

contact  with the  substrate.  The GONR surface  has  highly ordered  graphene structure

exceeding  in  quality  structure  of  GO  and  reduced  GO.  However,  some  randomly
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distributed  defects  are  present,  reducing  the  mechanical  stability  and  electrical

conductivity of the GONR stacks.

5.4. Experimental

The procedure of unzipping is a modified method described previously [8]. For

oxidative unzipping of MWCNTs (Mitsui & Co. lot no. 05072001K28), 1 g of nanotubes

was suspended in 100 mL of concentrated sulfuric acid and left without stirring in an

Erlenmeyer flask wrapped with Al foil to protect the reactive suspension from light. Then

5 g of potassium chlorate was added slowly (1 g once every 24 h) to prevent chlorine

dioxide  buildup.  The  completion  of  the  reaction  was  observed  by  suspension  color

change from green,  indicating dissolved chlorine dioxide,  to gray or  black.  Then the

suspension was  quenched with  ice  and washed subsequently with  an  excess  of  HCl,

water, ethanol, diethyl ether and petroleum ether. Finally, the resulting material was dried

under vacuum for 24 h. Similar synthesis was performed by substituting sulfuric acid

with oleum, chlorate with perchlorate and varying amount of chlorate added (1 g, 3 g,

5 g, 10 g).

To separate  the  first  stage  of  chlorate  reduction,  100  mg  of  MWCNTs was

dispersed in 100 mL of concentrated sulfuric acid in a round bottom flask and intense

nitrogen bubbling was established. Then 5 g of potassium chlorate was added slowly, and

after 1 h the suspension was completely colorless, indicating termination of all reactions.

To separate the second stage of chlorate  reduction,  100 mg of MWCNTs was

dispersed in 100 mL of concentrated sulfuric acid in round bottom flask wrapped in Al

foil and cooled to -10 oC. Then ClO2 produced by mild reduction of 10 g of potassium
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chlorate was bubbled through this suspension and the insulated flask was kept in fridge at

4 oC. After 1 month, the suspension became colorless.

SEM  images  were  made  with  JEOL 6500F  microscope,  secondary  electrons

detector,  a  15  kV acceleration  voltage  and  a  10  mm focusing  distance.  Sample  was

prepared by drop-casting dilute GO suspension on thermally oxidized Si monocrystalline

chip with a thermal oxide thickness of 300 nm. The SEM image of the GNR stack with

the electrodes was made using a FEI Quanta 400 ESEM FEG under same conditions as

described above.

TEM measurements were performed in UC Berkeley. Low-magnification TEM

images  were  acquired  using  a  HR-TEM (JEOL 2010)  at  100  kV. Atomic  resolution

microscopy  images  were  obtained  with  the  TEAM  0.5  TEM  (a  monochromated

aberration-corrected instrument operated at 80 keV).

XPS was performed with PHI Quantera XPS with an Al source on dry sample

powders. The beam size was 200 μm, the power was 50 W.

TGA Q50 (TA Instruments) was used for TGA; ~10 mg of homogenized sample

was investigated in Ar atmosphere. Temperature was increased at a rate of 20 oC/min until

reaching 120 oC, where it was kept constant for one h and then temperature was raised up

to 950 oC at rate of 10 °C/min.

XRD spectra were acquired using Rigaku D/Max Ultima II Powder XRD with

CuK α radiation at 40 kV accelerating voltage, 40 mA current, in Bragg geometry.

The  conductivity  measurements  were  performed  in  vacuum  (10-4 Torr)  using

Desert Cryogenic probe 6 system. Prior to measurements the samples were held under
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vacuum  for  at  least  4  days  to  ensure  the  desorption  of  atmospheric  moisture  from

samples. The IV data were recorded by Agilent 4155C parameter analyzer.

5.5. References

[1] S. Dutta, S. K. Pati, J. Mater. Chem. 2010, 20, 8207–8223.

[2] M Fujita, K. Wakabayashi, K. Nakada, K, Kusakabe,  J. Phys. Soc. Jpn. 1996,  65,

1920.

[4] F. Schwierz, Nat. Nanotechnol. 2010, 5, 487–496.

[4] R. Faccio, P. A. Denis, H. Pardo, C. Goyenola, Á. W. Mombrú,  J. of Phys.: Cond.

Mat. 2009, 21, 285304.

[5] A. V. Rozhkov, S. Savel’ev, F. Nori, Phys. Rev. B 2009, 79, 125420.

[6] A. Dimiev, W. Lu, K. Zeller, B. Crowgey, L. C. Kempel, J. M. Tour, ACS Appl. Mater.

Interfaces 2011, 3, 4657–4661.

[7] N. Gorjizadeh, Y. Kawazoe, J. Nanomater. 2010, 2010, 1–7.

[8] D. V. Kosynkin, A. L. Higginbotham, A. Sinitskii, J. R. Lomeda, A. Dimiev, B K.

Price, J. M. Tour, Nature 2009, 458, 872–876.

[9] D. V. Kosynkin, W. Lu, A. Sinitskii, G. Pera, Z. Sun, J. M. Tour, ACS Nano 2011, 5,

968–974.

[10] Y. Li, W. Zhou, H. Wang, L. Xie, Y. Liang, F. Wei, J.-C. Idrobo, S. J. Pennycook, H.

Dai, Nat. Nanotechnol. 2012, 7, 394–400.

[11]  CRC Handbook of Chemistry and Physics (ed. D. R. Lide), CRC Press/Taylor and

Francis, Boca Raton, FL, 90th Edition, Internet Version 2010.

[12] J. N. Coleman, M. Lotya, A. O’Neill, S. D. Bergin, P. J. King, U. Khan, K. Young,



94

A. Gaucher, S. De, R. J. Smith, I. V. Shvets, S. K. Arora, G. Stanton, H.-Y. Kim, K. Lee,

G. T. Kim, G. S. Duesberg, T. Hallam, J. J.  Boland, J. J. Wang, J. F. Donegan, J. C.

Grunlan, G. Moriarty, A. Shmeliov, R. J. Nicholls, J. M. Perkins, E. M. Grieveson, K.

Theuwissen, D. W. McComb, P. D. Nellist, V. Nicolosi, Science 2011, 331, 568–571.

[13] K. Erickson, R. Erni, Z. Lee, N. Alem, W. Gannett, Alex Zettl, Adv. Mater. 2010, 22,

4467-4472.

[14] D. C. Marcano, D. V. Kosynkin, J. M. Berlin, A. Sinitskii, Z. Sun, A. Slesarev, L. B.

Alemany, W. Lu, J. M. Tour, ACS Nano 2010, 4, 4806-4814.



95

Chapter 6

On  Mechanism  Of  Oxidative  Unzipping  Of

Multi-walled Carbon Nanotubes

6.1. Introduction

Desirable  properties  of  graphene  nanoribbons  (GNRs)  include  opening  of  a

bandgap  [1],  mechanical  flexibility  [2],  electrical  conductivity  [3],  dispersibility  [4],

chemical  modification  flexibility  [5]  and  oxygen  evolution  catalysis  through  edge

reactions  [6].  Most  of  these  applications,  not  related  to  electronics,  require  large

quantities of long GNRs to be produced, which could currently be achieved by batch top-

down synthesis methods using carbon nanotubes (CNTs) as starting material. Unzipping,

which is the subject of this work, is based on creation of longitudinal cracks along the

CNT  length.  Usually  unzipping  is  divided  into  oxidative  [7]  and  non-oxidative  [8]

processes. Unzipping often yields GNR with jagged edges and width > 20 nm. So far it

was shown that multi-walled CNTs (MWCNT) could be unzipped, but little evidence of

single-wall CNTs unzipping have been shown. Unzipping of MWCNT produces a stack

of GNRs, which is usually referred as multi-layer GNRs by analogy with multi-layer
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graphene. Large-scale exfoliation of these stacks into separate GNRs is more difficult

than exfoliation of graphite due to edge effects in the GNRs.

Non-oxidative  unzipping  happens  due  to  mechanical  strain  induced  by  large

particles (ions, atoms or molecules) intercalated between layers of multi-walled CNT [8] .

The release of mechanical energy produces a crack which quickly propagates along the

tube until the layer is unzipped. Non-oxidative unzipping thus produces GNR stacks with

a small number of structural defects inherited from CNT, but effective exfoliation of this

stack into individual GNRs requires additional synthesis steps.

Oxidative  unzipping  process  produces  oxidized  GNRs,  or  graphene  oxide

nanoribbons (GONRs), which are easily exfoliated, like graphene oxide (GO), and could

be subsequently reduced to produce GNRs [7]. Unfortunately, the structure of chemically

converted GNRs is much more defective than the structure of the source nanotubes, but

simplicity and high throughput of the oxidative unzipping methods could make it useful

where high quality of the GNR basal planes is not important.

The mechanism of oxidative unzipping, though, is not yet understood, and there

are many phenomena that could not be explained by currently proposed theories. During

the  oxidative  unzipping,  oxidation  of  MWCNT  happens  in  a  manner  that  produces

dominantly longitudinal cracks. One of the possible explanations of this directionality of

unzipping could be given using density functional  calculations: indeed,  energy of the

bonds orthogonal to the nanotube axis is slightly higher than energy of other bonds [9].

When one bond is broken, neighboring bonds parallel to it become much more strained

and thus oxidize immediately. However, according to this mechanism, SWCNTs should
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be  unzipped  more  efficiently  than  MWCNTs,  but  no  clear  SWCNT unzipping  with

efficiency  comparable  to  MWCNT  unzipping  was  observed  yet.  Also,  the  energy

difference calculated in this model is not high enough to support such high selectivity of

unzipping.  It  was  widely  believed  that  in  oxidative  unzipping  process  the  layers  of

MWCNT are unzipping consequently, from outside to inside, and no layers oxidize until

all layers around them are unzipped. It was supported by the fact that some researchers

reported that the innermost layers of nanotube seem to stay intact after completion of

process [10]. However, there are no direct evidences of subsequent layers oxidation, and

in this work it is shown, that by rejecting it we may get much better model of oxidative

unzipping.

6.2. Results and discussion

6.2.1. Proposed mechanism 

We postulate here that the unzipping process happens in two mutually mediated

stages:  (1)  breaking  of  π-bonds  and  attachment  of  epoxy  groups  to  basal  plane  of

graphitic  layers  of  CNT  and  (2)  oxidative  cleavage  of  strained  σ-bonds  leading  to

formation  of  longitudinal  cracks.  The  first  oxidative  process  is  much faster  than  the

second one and reaches equilibrium corresponding to the current state of the CNT before

the second one propagates significantly. The second process is guided and accelerated by

completion of epoxide formation.

Indeed,  intercalations  in  MWCNT could  stretch bonds leading to  stresses  that

could make certain bonds more reactive and thus guide unzipping process. The larger the
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angle between bond direction and MWCNT axis is, the higher is the strain, with extrema

of no strain for bond parallel to axis, as there is no connection between interlayer distance

and length of MWCNT, and maximal strain for bond orthogonal to axis. Thus, bonds

orthogonal to the MWCNT axis would be cleaved first, and every cleavage event will

release some stress around the broken bond, thus limiting the number of cracks in the

nanotube layer to one. This process is intuitively similar to cracking of macroscopic solid

tubes  with internal  pressure applied to  them,  and similar  crack  propagation rules  are

applicable. But the exact value and behavior of this strain should be discussed in more

details.

Figure 6.1. Geometrical model of MWCNT oxidative unzipping. (A) Primitive model

used for estimation. (B) More realistic model considering feedback between intercalation

and unzipping processes, uneven intercalation and shrinkage of inner tubes. Intercalated
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species are represented as epoxy groups (-O-) on surface of CNT layers.

To estimate  this  strain,  we will  use  simple  geometric  model  of  the  nanotube

(Figure 6.1A). Assume that nth layer of N-layer MWCNT has a ground state radius of rn.

If the interlayer distances, which could be directly measured by X-ray diffraction (XRD)

and for MWCNTs is usually close to the interlayer distance in graphite, in MWCNT is d,

then eq 6.1 is afforded:

r n+1=rn+d  (6.1)

Assuming  that  only  the  outer  layer  of  the  CNT  reacted  with  oxidant,  some

intercalate or additional chemical groups are introduced between the layers, that mean

interlayer distance will increase by δd. Neglecting internal layers shrinking for now, we

can express the new radius of outer layer as eq 6.2:

r ' N=r N −1+d+δd (6.2)

Dividing  (6.2)  by  (6.1)  and  keeping  in  mind  that  radius  is  proportional  to

circumference, it is possible to write the relative stretch of the outermost layer as eq 6.3: 

ϵ=
r ' N

r N

−1=
δ d

r N −1+d
 (6.3)

Hence, if we calculate this stretch using interlayer distances derived from XRD

pattern of unzipped nanoribons (d = 0.34 nm, δd = 0.8 nm approximately [7, 10]) and the

radius of the outermost layer about 100 nm, we will get a value of approximately 0.5 %.

However, the very formation of epoxide groups on the nanotube leads to slight

bond  elongation.  A  carbon-carbon  bond  length  is  ~  0.146  nm,  while  single  bond

is ~ 0.154 nm, just the formation of epoxides may elongate the circumference by 5 %.
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Thus, if only one outermost layer is intercalated, no stresses guiding the unzipping will

appear. We should assume that several layers are intercalated. Assuming that the deepest

layer which has not changed its radius is r0 (and there could be layers below it that may

contract, as shown on Figure 6.1B), then eq 6.4-6.5:

r n=nd+r0 (6.4)

r ' n=nd +r0+nδ d (6.5)

Then elongation of the circumference is described by eq 6.6:

ϵn=
r ' n

r n

−1=
δd

d+
r0

n

(6.6)

Thus, εn rapidly increases to saturation at some value. Using the same parameters

as before, we can estimate this saturation in eq 6.7: 

ϵs=lim
n→∞

(ϵn)=
δd
d

>300% (6.7)

Obtained value of 300 % is obviously far above bond existence range and thus

satisfies the postulate of the unzipping mechanism: mere formation of epoxy groups on

MWCNT layers leads to strain sufficient for guiding of unzipping process. It is possible

to conclude that the cleavage of  σ-bonds could happen without direct participation of

oxidant in these conditions, increase of strain produced by single epoxy formation act

should be negligible and there could be a primitive mechanic amplification of force by

increase of lever length involved in this process. However, this is probably not the case,

as the presence of strong oxidant capable of cleaving the bonds is essential for unzipping,

as shown in [10].

We could estimate that the number of layers that should be intercalated to produce
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the stretch equivalent to elongation of bonds due to epoxide formation as ~ 10. This

means that CNTs with less than 10 layers will not be unzipped oxidatively. This also

means that  the core ~ 10 layer  MWCNTs should always remain in  the product  after

unzipping, even though if the resulting nanoribbons have exfoliated, their quantity and

size will overwhelmingly outnumber the byproducts and it will be difficult to observe

these cores.

The  equation  provided  above  do  not  represent  the  real  state  of  the  system

(Figure 6.1B), as will be shown below, but allow estimation of the parameters discussed

in first approximation.

6.2.2. XRD

If  the  mechanism proposed is  valid,  intercalation  must  precede  unzipping.  To

show that, we have interrupted the unzipping process before completion by quenching

and filtering reactive mixture at different moments and measured the XRD from isolated

product. Typical XRD patterns are shown on Figure 6.2A.
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Figure 6.2. XRD of MWCNTs treated with unzipping solution for different times. (A)

Spectra of MWCNTs at different moments during unzipping. (B) Evolution of intensity

of the (002) graphitic peak with time related to internal Ge standard. Starting intensity is

60. Solid line is the data linear fit result in log-log coordinates corresponding to ~ 0.4

order law. 

The peak at 34o corresponds to interlayer distance in source MWCNTs (so-called

graphitic  peak,  residing  very  close  to  (002)  peak  of  graphite),  the  peak  around  10o

corresponds  to  so-called  graphene  oxide  peak,  which  is  observed  in  graphene  oxide

samples and corresponds to interlayer distance between basal planes of graphene oxide

flakes. This peak arises due to loss of symmetry that prevents observation of (001) peak

in graphite. It is important to note that the position and shape of this peak depends on

many  environmental  factors,  such  moisture  and  atmospheric  pressure,  as  water  can

adsorb  and  desorb  from the  interlayer  space  and  thus  this  peak  could  unpredictably

change with time for the same sample [10]. The graphitic peak is stable and its position is

similar for all samples with 0.001o precision measured against an internal standard. Its

intensity corresponds the amount of ordered non-intercalated layers and could be used to

estimate the intercalation rate.

The absolute intensity of graphitic peak in different samples is shown on Figure

6.2B.  The  intercalation  happens  mostly  in  the  first  minute  of  the  reaction,  although

unzipping definitely requires more time [7, 10]. Moreover, after 1 min, the process slows

down  and  proceeds  slowly  towards  completion  of  unzipping.  Comparison  of  the
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measured rates of unzipping and intercalation shows that unzipping is indeed slower than

intercalation, but the intercalation itself is limited by unzipping after some intercalation

state  is  reached  (Figure  6.1B).  Indeed,  it  is  possible  that  the  stress  produced  by

intercalation  hinders  diffusion  of  species  through  interlayer  space.  Decrease  of  the

graphitic peak intensity does not mean that more completely oxidized layers are formed;

most probably the intercalants are randomly and evenly distributed over different points

of MWCNT destroying the ordering but not yet forming new one. In fact, the layers of

MWCNT are not necessarily intercalated to completion, and addition of every new epoxy

group could unevenly distort the layers of nanotube, decreasing the interlayer distance in

some areas while increasing it in its vicinity, thus making diffusion between the layers

slower or impossible. Stresses in outer shells of MWCNT could also strain inner shells

with  the  same outcome.  Cracking  of  outer  shells  will  release  some stress  and allow

intercalation process to advance.

6.2.3. Morphology features

The  Figure  6.3  shows  an  SEM  image  of  MWCNTs  treated  for  1  min  and

afterwards deposited onto a silicon afer. Although it is obvious that there definitely are

some nanoribbons produced from outer shells of the MWCNTs, they generally have a

nanotube on their top in the middle of the ribbons stack, similar to MWCNTs unzipped

with chlorate [10]. Also, these ribbon stacks are always deposited on the substrate, and

none of them are observed under MWCNTs hanging above surface supported by other

MWCNTs. This effect may be explained assuming that the very deposition promotes the

unzipping. Indeed, it is well known [11], that CNTs interact with substrate to maximize
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the contact area between the CNT and substrate, deforming the nanotube and creating

additional stresses. Thus, when the MWCNT intercalated in suspended state touches the

substrate,  adhesion  forces  unzip  the  outer  shells  without  strong  oxidative  species

involved.

Figure 6.3. SEM image of MWCNTs treated with oxidant for 1 min on Si chip surface. 

6.2.4. Temperature dependency of unzipping process

The advancement of intercalation process could be measured by mass gain of the

product, as the majority of additional mass arises due to additional oxygen bound to the

basal  planes.  In  Figure  6.4  mass  gain  of  MWCNTs were  treated  with  for  1  min  at

different temperatures is presented. At elevated temperatures, the rate of all processes,
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including  σ-bond  cleavage  process,  should  increase,  thus  releasing  restrictions  on

intercalations. However, at very high temperature, presumably, starting ~ 100 oC, thermal

motion  of  CNT layers  does  not  allow  any  intercalation  to  occur,  thus  stopping  the

directional unzipping process and limiting oxidation to decomposition of outermost layer.

Indeed, no nanoribbons in SEM nor graphene oxide peak in XRD were observed for

these samples.

Figure 6.4. Temperature dependence of mass gain after 1 min of MWCNT treatment with

unzipping solution.
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6.3. Conclusions

Simultaneous oxidation of basal planes of many layers of MWCNTs preceding

the  actual  unzipping in  the unzipping process  agrees  with  experimental  observations,

although it  was discarded previously as being not  probable.  Indeed,  there is  no clear

understanding whether there is any way intercalants can penetrate the nanotubes before

cracks appear. Obviously, intercalants can penetrate open-ended CNTs of defective CNTs

with  some  cracks  present  initially.  Whether  high-quality  capped  MWCNTs could  be

unzipped or not remains unresolved question.

According to  the  mechanism proposed here,  oxidative  unzipping shares  much

more  similarities  with  non-oxidative  unzipping,  where  unzipping  is  also  guided  by

stresses produced with intercalated species. In oxidative unzipping the intercalants are

covalently  bonded  to  the  CNT  shells.  Formation  of  these  bonds  provides  chemical

potential  driving  the  intercalation  beyond  the  point  where  it  would  otherwise  be

unfavorable due to stresses it generates. In oxidative unzipping, cleavage of  σ-bonds is

assisted by oxidative species present in system. Finally, intercalant never leaves the basal

plane of the unzipped CNT shells in oxidative unzipping, which allows simple exfoliation

of the resulting GONRs, but also damages their structure.

Premature termination of permanganate unzipping process results in formation of

composite material similar to one described in [10] without use of hazardous chlorate.

Inversely, result of chlorate unzipping could be viewed as result of incomplete oxidative

unzipping. Unfortunately, this oxidation could not be brought to completion due to lower

directionality  of  the  process,  as  the  nanoribbons  keep  decomposing  non-selectively
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independent from intercalation. And lower directionality of the process must be caused

by less efficient epoxy groups formation by chlorate reagent, which also prevents the

nanoribbons from exfoliation.

Findings of this paper allow optimization of the unzipping process. It could be

accelerated by raising the temperature, provided it is not higher than certain value, when

unzipping stops. We could expect that any highly oxidized GO synthesis should work for

unzipping if graphite is substituted with MWCNTs, with certain limitations including but

not limited to fitting of oxidant species into interlayer space. Finally, oxidative unzipping

of SWCNTs with similar method seems impossible.

6.4. Experimental section

Unless stated otherwise, all oxidation experiments conditions were as described

elsewhere  [7],  except  the  following  corrections:  all  permanganate  was  added

simultaneously;  to  limit  reaction  time and at  the  same time ensure  that  no  oxidative

processes are added to the system, immediately after quenching of reactive suspension

with water excess of base was added; after this most of permanganate sedimented as

unsolvable solid, which was later quickly washed with concentrated HCl; also, to ensure

homogenity on short timescale, the suspension was intensively stirred at 800 rpm.

Specifically, typical experiment was following. 1 g of MWCNTs (Mitsui & Co.

lot no. 05072001K28) was suspended in 1 L of sulphuric acid and stirred at 800 rpm. 5 g

of KMnO4 was added simultaneously behind the blast shield. In temperature dependent

experiment,  After  certain  time  has  passed,  50  mL  of  suspension  was  sampled  and

quenched with ice and excess of NH4OH until brown sediment was observed. Quenched
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product was subsequently washed with HCl, water, ethanol, diethyl ether and petroleum

ether and dried under vacuum.

XRD spectra were acquired using Rigaku D/Max (WEST) Ultima II Powder XRD

with CuK α radiation at 40 kV accelerating voltage, 40 mA current, in Bragg geometry. It

is important to note that products have huge surface area and low packing efficiency and

thus regular powder sample preparation methods with solvents were inappropriate – it

takes very long time to evaporate all solvent from material without vacuum drying. The

solvent,  having density close to the one of investigated material  itself,  produces huge

background signal around interfering with actual peaks. Also, most amorphous substrates

add interfering background even with relatively thick layer of loosely packed material.

Thus, a sample holder was cut from (111) Si wafer, native oxide was refreshed by HF

wash and exposure to air and the sample powder was deposited on top of this substrate

and flattened with glass slide using 100 μm slides as spaceholders. 

To estimate relative intensities of graphitic peaks in different measurements the

method of internal standard was used. Ge powder was manually grinded together with

equivalent  mass  of  sample  material  (10  mg  to  100  mg)  in  mortar  for  10  min  and

deposited onto custom sample  holder  as  described above.  Intensity of  CNT graphitic

(002) peak was referenced to intensity of (111) Ge peak.

SEM  images  were  made  with  JEOL 6500F  microscope,  secondary  electrons

detector,  a  15  kV acceleration  voltage  and  a  10  mm focusing  distance.  Sample  was

prepared by drop-casting dilute GO suspension on thermally oxidized Si monocrystalline

chip with a thermal oxide thickness of 300 nm.
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