Studies on Some Nanomaterials as Wear and
Friction Modifiers

THESIS SUBMITTED IN PARTIAL FULFILLMENT FOR THE
AWARD OFDEGREE

DOCTOR OF PHILOSOPHY

By
ALOK KUMAR SINGH

Department of Chemistry
Indian Institute of Technology
(Banaras Hindu University)
Varanasi-221005

Roll No: 17051003 Year of Submission: 2023



Copyright ©
Department of Chemistry,
Indian Institute of Technology,
Banaras Hindu University, Varanasi-221005, India,
2023.
All rights reserved.



Dedicated to
my
loving family
&
Prof. R. B. Rastogi



CERTIFICATE

It is certified that the work contained in the thesis titled “Studies on Some Nanomaterials as Wear
and Friction Modifiers” by “Alok Kumar Singh” has been carried out under my supervision and
this work has not been submitted elsewhere for a degree.

It is further certified that the student has fulfilled all the requirements of Comprehensive,

Candidacy, and SOTA for the award of Ph.D. Degree.

(ks

Supervisor

Prof. K. D. Mandal

Department of Chemistry

IIT (BHU), Varanasi-221005

.K.D. Mandal
PDro?:‘aﬁmenl of Chemistry

Instute of Technology(

’
:
|
:
|
|



DECLARATION BY THE CANDIDATE

I. " Alok Kumar Singh " certify that the work embodied in this thesis is my own bonafide work
and carried out by me under the supervision of "Prof. K. D. Mandal " from "July 2017" to "July
2023" at the "Department of Chemistry," Indian Institute of Technology, Banaras Hindu University,
Varanasi. The matter embodied in this thesis has not been submitted for the award of any other
degree/diploma. I declare that I have faithfully acknowledged and given credits to the research workers
wherever their works have been cited in my work in this thesis. I further declare that [ have not
willfully copied any other’s work, paragraphs, text, data, results, etc., reported in journals, books,

magazines, reports, dissertations, theses, etc., or available at websites and have not included them in

this thesis and have not cited as my own work.

s - S
Date: \&7° e Signature of the Student

Place : [IT (BHU), Varanasi (Alok Kumar Singh)

CERTIFICATE BY THE SUPERVISOR

It is certified that the above statement made by the student is correct to the best of my knowledge.

@ 7\ S A At
-
Head of Departme}lt8 O%

Supervisor
(Department of Chenélslily) (Department of Chemistry)
anes ey
Depaw.";{mmmuu, : , W fawrT
indian lﬂv. L 1-221005 Department of Chemistry
eI (Eﬂféf?rﬁ}

lndlan Lnstitute of Fechnalogy (B.H.1'
TRIVRII-Q980Y / Varens-



R e
COPYRIGHT TRANSFER CERTIFICATE

ﬁ

Title of the Thesis: «Studies on Some Nanomaterials as Wear and Friction Modifiers”

Name of the Student: Alok Kumar Singh

Copyright Transfer
The undersigned hereby assigns to the Indian Institute of Technology (Banaras Hindu University)

Varanasi all rights under copyright that may exist in and for the above thesis submitted for the award

of the “Doctor of Philosophy” degree.

pate: 187 © Aredo2 A Signature of the Student
Place: IIT(BHU), Varanasi (Alok Kumar Singh)

Note: However, the author may reproduce or authorize others to reproduce material extracted verbatim

from the thesis or derivative of the thesis for the author's personal use provided that the source and the

Institute's copyright notice are indicated.




ACKNOWLEDGEMENT

I would like to express my deepest gratitude to my mentor, Prof. K. D. Mandal, for his invaluable
support and unwavering encouragement throughout my journey. Working under his guidance has been
an absolute pleasure, and his extensive knowledge and expertise have greatly enhanced my research
work. | am truly thankful for his continuous assistance and guidance.

I am delighted to extend my heartfelt appreciation to Prof. R. B. Rastogi for her exceptional guidance,
encouragement, and inspiration. Her unwavering support in every aspect of my research work has
been instrumental in my development as a scholar. She treated me not only as a research scholar but
also as her child, providing me with intellectual freedom and pushing me to strive for excellence. | am
immensely grateful for her willingness to invest her valuable time in discussing my work and
consistently demanding the highest quality of research. Without her guidance and cooperation, | would
not have been able to achieve what | have. Her mentorship has allowed me to expand my scientific
interests beyond the confines of my chemistry background and explore tangible applications in the
field of tribology. Whenever | needed assistance, she readily stepped forward to lend a helping hand,
and for that, | am eternally thankful.

I am eternally grateful to both of them for their exceptional guidance, encouragement, and open-
mindedness, which have allowed my imagination to soar. The research proposals they provided were
incredibly captivating and presented exciting challenges. They introduced me to the realms of
chemistry, tribology, and eventually, the field of tribochemistry.

Throughout my research work, the Department of Chemistry was fortunate to have three esteemed
Heads of Department (HoDs). | extend my heartfelt gratitude to Prof. Y.C. Sharma, the current HoD
of Chemistry, as well as former HoD Prof. R. B. Rastogi and Prof. D. Tiwary, for their unwavering

support and attention throughout my research journey. I am indebted to the members of the RPEC



(Research and Project Evaluation Committee), namely Dr. Sundaram Singh from the Department of
Chemistry and Prof. V. L. Yadav from the Department of Chemical Engineering, for their valuable
suggestions and inspiring discussion.

I would like to express my sincere appreciation to our collaborator, Dr. Arindam Indra, for his
constant availability and productive discussions throughout my research tenure.

I am deeply grateful to Dr. Gurmeet Singh for his unwavering support and willingness to assist me
at every stage of my research work.

I am also thankful to all the teaching and non-teaching staff of our department for their blessings and
assistance, which have greatly contributed to my progress. Additionally, | express my gratitude to the
technical staff of the Workshop at IIT (BHU) for their valuable assistance in the grinding of bearing
balls.

I would like to acknowledge Dr. A. K. Mehta for granting me the opportunity to participate in the
Summer School in Tribology 2022 held in Gurgaon, where | had the privilege of engaging in fruitful
interactions with academia and industry professionals.

I would like to acknowledge the active discussions and valuable suggestions provided by my senior,
Dr. Dinesh Verma, as well as my lab mates Dr. Kavita, Dinesh, and Vishnu. Their contributions have
been immensely helpful in my research journey. | am particularly grateful to my lab mate, Nivedita
Shukla, for her extraordinary assistance throughout this joyful journey. Her constant support and
inspiration have motivated me to continuously strive for improvement.

| feel blessed to have supportive and caring friends like Dr. Arsala Kamal, Dr. Nivedita Shukla, Dr.
Himanshu Kumar Singh, and Dr. Suresh Kumar Pandey, who have created a homely environment in
the workplace. These individuals have been instrumental in helping me throughout my research
journey. The moments we shared in the lab or outside, including lunch breaks, birthday celebrations,

the joy of manuscript acceptances, and even our playful mischief, hold a special place in my heart.



I am fortunate to have supportive M.Sc. friends like Dr. Monish, Dhananjay, Priya, Shruti, Nikhil,
Yogesh, Ajeet, and my roommate Dr. Devesh Singh. They have influenced and assisted me in my
research endeavors.

I would also like to express my sincere gratitude to my college professors who laid a strong foundation
for me to pursue higher studies.

In addition, | extend my heartfelt thanks to my friends Ashutosh Singh and S.P. Pandey for their
fruitful discussions, active engagement, and valuable suggestions in both my personal and professional
life.

Lastly, I am deeply grateful to my family members for their unwavering confidence, continuous
encouragement, and ongoing support over the years. They have never imposed their choices on me
and have always been supportive of my decisions. Their blessings, cooperation, sacrifices,
encouragement, and patience are indescribable. Finally, | wish to acknowledge all those who have

helped me in any way during the entire duration of my research work.

Alok Kumar Singh

Research Scholar Department of Chemistry



List of Notations, Symbols, and Abbreviations

U Coefficient of friction
P Frictional Power loss
AFM Atomic force microscopy
ASTM The American standard of testing machine
BDC 1,4- Benzene dicarboxylic acid
BV Bismuth Vanadate
CNMs Carbon nanomaterials
CNTs Carbon nanotubes
COF Coefficient of friction
CQDs Carbon quantum dots
CS Carbon spheres
EDS Energy Dispersive X-ray Spectrometry
FE-SEM Field emission-scanning electron

microscopy



FTIR Fourier transforms infrared spectroscopy

GO Graphene oxide

GQDs Graphene quantum dots
g-CsN4 Graphitic carbon nitride
h-BN Hexagonal boron nitride

h Hour

LZB Lanthanum doped zinc borate
MBV Molybdenum doped bismuth vanadate
min Minute

MoS> Molybdenum disulfide
MWD Mean wear scar diameter
MWV Mean wear scar volume

NPs Nanoparticles

NTs Nanotubes

N-ZnO Nitrogen doped Zinc Oxide
PO Paraffin Qil

PEG Polyethylene glycol



PO

QDs

rGO
SAED

SDS

SEM
TEA

TEM
UV-Vis
VSe2
WS,
XPS
XRD
ZB
ZDDP
ZIF

Zn0O

Paraffin oil
Quantum dots

Reduced graphene oxide
Surface area electron diffraction

Sodium dodecyl sulfate

Scanning electron microscopy

Triethylamine
Transmission electron microscopy

Ultraviolet visible Spectroscopy
Vanadium diselenide

Tungsten disulfide

X-ray Photoelectron Spectroscopy
X-ray diffractometer

Zinc Borate

Zinc dialkyldithiophosphate

Zeolitic imidazolic framework

Zinc oxide



LIST OF FIGURES

Figure | Description Page
No. No.
1.1 Stribeck curve showing the dependence of the COF on viscosity, speed, |5
and load for a sliding lubricated system
1.2 Different nanosheets 19
2.1 Four ball tester machine 55
3.1 HR-SEM images of (a) N-ZnO, (b) g-C3N4, (c) N-ZnO/g-C3N4, and (d) 64
EDX spectrum of N-ZnO/g-CsN4
3.2 EDX spectrum of (a) g-CaNs (b) N-ZnO 65
3.3 TEM images of (a) g-CsNa, (b) N- ZnO, (c) N- ZnO/g-C3N4, and HR-TEM| 66
images of g-C3Nz (a1), N-ZnO (b1) and N-ZnO/g-C3Na (c1). The inset in
(a1, b1, and c1) provides the SAED pattern of the additives
34 (a) XRD patterns of as-prepared g-CsNs, N-ZnO, and N-ZnO/g-CsNg, (b) | 67
IR of g-C3N4, N-ZnO, and N-ZnO/g-C3N4
35 Deconvoluted XPS spectra of (a) C 1s core-level spectra, (b) O 1s core- | 68

level spectra, (c) N 1s core level spectra, (d) Zn 2p core-level spectra




3.6

(a) Dispersion stabilities of base oil containing g-CsN4, N-doped ZnO, and
N-ZnO/g-CsN4 by UV-vis spectrophotometry, (b) Optical photographs of

the additives dispersed in base oil at 0 and 48 h

70

3.7

(a) Optimization of concentration of different additives and variation of
tribological parameters of paraffin oil with and without optimized
concentration (0.20 % w/v) of various additives under ASTM D4172
conditions (b) mean wear scar diameter and the average coefficient of
friction (c) coefficient of friction as a function of sliding time (d) Variation
of frictional torque as a function of stepwise loading and time for PO in

absence and presence of different additives under ASTM D5183 conditions

72

3.8

(a) SEM micrographs of the tribofilm formed on the worn steel surfaces at
2.00 KX magnification lubricated with paraffin oil in the presence and
absence of different additives (0.2% w/v) for 60 min test duration at 392N
applied load, inset showing wear scar surfaces at higher magnification 100
KX (b) EDX spectrum of worn steel surface lubricated with N-ZnO/g-C3Nj

hybrid

75

3.9

EDX spectrum of worn surfaces of (a) g-CsN4 (b) N-ZnO

76

3.10

2D and 3D AFM images of the worn steel surface lubricated with the
optimized concentration of different additives in paraffin oil for 60 min test
duration at 392N applied load: (a) Paraffin oil, (b) g-C3sNa, (¢) N-doped ZnO

and (d) N-ZnO/g-C3N4

77




3.11

Deconvoluted XPS spectra of the tribofilm formed on the steel surface
lubricated with N-ZnO/g-C3N4 nanocomposite under ASTM D4172 test
conditions: (a) C 1s spectra, (b) O 1s spectra, (c) N 1s spectra, (d) Zn 2p

spectra and (e) Fe 2p spectra

79

3.12

The schematic diagram for the proposed mechanism of lubrication

81

4.1

(@) Powder XRD pattern of ultrathin Mn-MOF (U) nanosheets; (b) crystal
structure of the synthesized Mn-MOF (U) nanosheets; color code: blue-
carbon, green-manganese, yellow-nitrogen, red-oxygen; (c) IR spectrum of
Mn-MOF (U). The peaks at 1633 cm ™! and 1558 cm™! were assigned for
C=0 bonding of carboxylate group, and peaks at 1379 cm™! and

1308 cm ™! were generated from the aromatic carbon C-C double bond
stretching vibrations; (d) EDS spectra of Mn-MOF (U) (e) SEM image of
Mn-MOF (U) showing the ultrathin nanosheet morphology; (f) AFM
topography image of Mn-MOF (U) revealing the thickness of the ultrathin
nanosheets to be ~9 nm (inset: height profile) (g) TEM image of Mn-MOF
(U) confirming the ultrathin morphology of the nanosheets (inset: HRTEM
showing the lattice spacing of 0.20 nm indexed for the (200) plane of Mn-
MOF (U), and (h) Tyndall effect evidencing the presence of ultrathin

nanosheets

96

4.2

(a) Powder XRD pattern of bulk Mn-MOF (B) (b) SEM image of Mn-

MOF(B) (c) EDX spectra (d) TEM image of Mn-MOF (B)

98

Vi




4.3

(@) Mn 2p XP spectrum of Mn-MOF (U) showed the presence of mixed

valent Mn?*3* (b) O 1s XP spectrum, (c) C 1s XP spectrum

99

4.4

(@) Mn 2p XP spectrum of Mn-MOF (U) showed the presence of mixed

valent Mn2*3* (b) O 1s XP spectrum, (c) C 1s XP spectrum

100

4.5

(a) Dispersion stability of base oil containing Mn-MOF (B) and Mn-MOF
(V) studied by UV-vis spectrophotometry; (b) optical photographs of Mn-

MOF (U) and Mn-MOF (B) dispersed in base oil at different settling time

(days)

101

4.6

(a) Variation of mean wear scar diameter for the paraffin oil as a function of
additive concentration at 392 N applied load for 60 min duration. (b)
Coefficient of friction as a function of sliding time. (c) Bar diagram for
mean wear scar diameter and the average coefficient of friction (d) Variation
of frictional torque as a function of stepwise loading and time for PO in the

absence and presence of additives

103

4.7

(@), (b), and (c) SEM micrographs (inset: full view of wear scar at 100X,
wear scar surface at 2.00 KX magnification) of the worn steel surface
lubricated with paraffin oil without and with additives (0.15% wi/v) (d) EDX
spectra of the worn surface lubricated with PO blended with 0.15% w/v Mn-

MOF (U) after ASTM D4172 test

106

Vil




4.8 2D and 3D AFM images of the worn steel surface lubricated with blank 107
paraffin oil (PO) and blends of PO with 0.15% w/v of the additives at 392 N
applied load

4.9 [XP spectra of the tribofilm formed on the steel surface lubricated with Mn- | 108
MOF (U) under ASTM D4172 test conditions: (a) Mn 2p spectra, (b) Fe 2p
spectra, (c) O 1s spectra, and (d) C 1s spectra

5.1 |(@) XRD patterns of ZB, LZB, VSe, and LZB/VSe; (b) IR of ZB, LZB, 124
VSez, and LZB/VSe;

5.2 [HR-SEM images of (a) VSez, (b) ZB, (c) LZB, (d) LZB/VSe,,and (e) EDX | 125
spectrum of LZB/VSe;.

5.3 [EDX spectrum of (a) ZB, (b) LZB, (c) VSe: 126

5.4 [TEM photograph of (a) VSe», (b) ZB, (c) LZB, (d) LZB/VSe; and HR-TEM | 127
pictures of VSe; (a1) and LZB/VSe> (d1). The insets in (Fig az and ds)
display the SAED patterns of the additives

5.5 |Deconvoluted core-level XPS spectra of (a) La 3d, (b) Zn 2p, (c) B 1s, (d) O| 128
1s (e) V 2p and (f) Se 3d

5.6 |(a) Dispersion stabilities of base lube comprising VSe2, ZB, LZB, and 129

LZB/VSe; by UV-vis spectrophotometry, (b) Visual snapshots of the

admixtures dispersed in base lube at 0, 24, and 48 h

Vil




5.7

(@) ASTM DA4172 test results to optimize the concentration of different
additives (b) COF against sliding time (c) average coefficient of friction and
the MWD in the format of bar diagram (d) frictional torque vs. load and time

for plain PO and with different additives under ASTM D5183 standards

132

5.8

Variation of coefficient of friction (COF) vs. additive concentration

133

5.9

(a)-(e) SEM micrographs of the worn surfaces in the presence of PO with
and without additives (0.15% w/v) at 2.00 K X amplification under the
ASTM D4172 conditions, inset displaying wear scar surface at higher
amplification 100 K X (f) EDX spectrum of wear track of steel surface

lubricated with LZB/VSe2

135

5.10

EDX spectrum of wear track of steel surface lubricated with (a) ZB, (b)

LZB, and (c) VSe2

136

5.11

3D and 2D AFM images of the wear track lubricated with optimized
concentration of blends of additives in PO after conducting ASTM D4172
test, (a) PO, (b) VSe, (c) ZB (d) LZB, and (e) LZB/VSe;

137

5.12

Deconvoluted XPS of the tribofilm generated on the wear track in the
presence of PO blended with LZB/VSe; after ASTM D4172 test (a) La 3d (b)

Zn 2p (c) B 1s (d) O 1s (e) V 2p (f) Se 3d and (g) Fe 2p

138

5.13

The schematic diagram for the suggested mechanism of lubrication

141




6.1 |(a) XRD pattern and (b) IR spectra of BV, MBV, NMF, and MBV/NMF | 157

6.2 HR-SEM photographs of (a) BV, (b) MBV, (c) NMF, (d) MBV/NMF, | 158
and (e) EDX spectrum of MBV/NMF

6.3 |[EDX spectrum of, (a) BV, (b) MBV, and (c) NMF 158

6.4. [TEM photographs of (a) BV, (b) MBV, (c) NMF, (d) MBV/NMF, and 160
HR-TEM of BV (a1), and MBV/NMF (d1) with SAED patterns in the
insets (a1, b, ¢, and di)

6.5 |Deconvoluted XP spectra of MBV/NMF (a) Mo 3d, (b) Bi 4f, (c) V 2p, | 161
(d) O 1s, (e) C 1s, (f) Mn 2p and (g) Ni 2p

6.6 |(a) Relative absorbance v/s settling time of admixtures containing BV, | 162
MBV, NMF, and MBV/NMF (b) Optical snapshots of the blends on
days 1, 2, and 3

6.7 |(@) MWD vs additive concentration, (b) COF vs sliding time, (c) MWD | 165

and COF in the pattern of bar diagram, and (d) Frictional torque against

time and load




6.8 |Variation of coefficient of friction (COF) vs. additive concentration 166
6.9 |(a)-(e) SEM optical photographs of the wear track surfaces of different 168
admixtures at 2.0 K X amplification, wear scar surfaces in the inset at 100
K X (f) EDX spectrum of wear track surfaces lubricated with MBV/NMF
6.10 [EDX spectrum of wear track of steel surface lubricated with (a) BV, (b) 168
MBYV, and (c) NMF

6.11 2D and 3D AFM snapshots of the wear track in the presence of PO and its| 170
blends at the optimal concentration (0.1% w/v) (a) PO, (b) BV, (c) MBV
(d) NMF, and (€) MBV/NMF

6.12 |XP spectra of tribofilm formed on the worn surfaces of steel ball lubricated 171
with MBV/NMF admixture (a) Mo 3d (b) Bi 4f (¢) V 2p (d) O 1s (e) C 1s
(F) Mn 2p, (g) Ni 2p, and (h) Fe 2p

6.13 |Proposed mechanism of lubrication 173

Xl




LIST OF TABLES

Table Description Page no

2_01 Frictional power reduction in the presence of blends of optimized 74
concentration, 0.2 % (w/v) of different additives in paraffin oil

3.2 Surface roughness parameters obtained from the digital processing | 77
software of AFM (Nanosurf-basic Scan-2) for different additives
after the antiwear test

4.1 Loss of frictional power measured for different additives at the| 105
concentration, 0.15% (w/v) in PO

5.1 Cutbacks in Frictional Power for Individual Additives in PO atthe | 134
Optimized Concentration, 0.15 % (w/v)

5.2 Surface roughness parameters obtained from the digital processing| 137
software of AFM (Nanosurf-basic Scan-2) for different additives after
the antiwear test

6.1 Frictional power loss value for various admixtures at optimal 167
concentration 0.1 % (w/v)

6.2 Surface roughness parameters obtained from the digital processing| 170

software of AFM (Nanosurf-basic Scan-2) for different additives after

the antiwear test

Xl




LIST OF SCHEMES

Table no Description Page no
3.1 Schematic synthesis of hybrid N-ZnO/g-C3N4 63
4.1 Schematic illustration for the synthesis of ultrathin Mn-MOF (U) | 94

nanosheets by saturating the coordination sites of the metal ions
with triethylamine in the presence of bridging ligand 1,4-benzene

dicarboxylic acid

5.1 Schematic presentation of synthesis of LZB/VSe; 122

6.1 Schematic presentation of preparation of MBV/NMF 155

X




Preface

Heat release via friction between the mating surfaces causes energy losses and wear. Friction
and wear are reduced when a lubricant is supplied between the proximate moving surfaces.
Nanomaterials are preferred as lubricant additives over traditional organic chemicals because
of their small dimensions and quick tribological action. Nanosheets, a 2D material, play a
vital function in lubrication, referring to their minimal value of the coefficient of friction and
ease of shearing in a sliding motion. To address the limitations of nanosheets during
lubrication, such as repiling of nanosheets, agglomeration, poor adhesion to the surface,
inadequate dispersibility in the base oil, insufficient wear and friction diminishing properties,
and last but not least, awful load-carrying ability, functionalization of nanosheets is
performed. In the present research, different 2D nanosheets and their non-covalent
functionalized nanocomposites with other nanomaterials have been synthesized to enhance
the tribological behavior using their synergistic effects. The thesis is divided into the major
heads; Introduction, Experimental procedures, Results & Discussions, Summary, and
References.

In Chapter 1, introduction, the term “Tribology” was initially explicitly introduced
concerning mechanical systems durability. The phenomena of friction, wear, and lubrication
were elaborated. Further, the types of lubrication, lubricants, and their classification, have
been discussed. Different categories of additives, in general, and antiwear/antifriction
additives, in particular, have been described. A detailed literature survey regarding
nanomaterials in tribology, like quantum dots, nanoparticles, nanorods, nanotubes,
various 2D nanosheets, and their nanocomposites, is presented in this section. The problem

has been addressed and defined in detail. Finally, the aims and objectives of the current

XV



investigation have been outlined.

The Chapter 2 includes instrumentation techniques such as powder X-ray diffraction (p-
XRD), Fourier Transform infrared spectroscopy (FTIR), scanning electron microscopy
(SEM)/high resolution scanning electron microscopy (HR-SEM), energy-dispersive X-ray
spectroscopy (EDX), transmission electron microscopy (TEM)/high-resolution transmission
electron microscopy (HR-TEM), electronic absorption spectroscopy (UV/visible), and X-ray
photoelectron spectroscopy (XPS) for characterization of the synthesized lubricant additives
as well as lubricated mating surfaces. The characteristics of base lube paraffin oil (PO), details
of the test sample (steel balls), experimental procedures for the tribological tests, ASTM
D4172, ASTM D5183, and brief information about various tribological parameters such as
coefficient of friction (u), mean wear scar diameter (MWD), load-carrying capacity and
frictional power loss have also been included in this chapter.

Conclusions obtained from the experimental data and their outcomes have been discussed in
chapters 3 to 6.

Chapter 3 contains the synthesis of N-doped Zinc oxide (N-ZnO) nanorods, 9-CsNa
nanosheets, and the nanohybrid N-Zn0O/g-CsNa. Characterization and Morphologies of the as-
prepared nanorods/nanosheets and their nanocomposite have been investigated. The
tribological performance of these nano additives has been assessed. As anticipated, the
nanohybrid shows marvelous tribological activity among all tested additives.

Chapter 4 comprises the synthesis of manganese-based Metal-Organic Framework bulk Mn-
MOF (B) and ultrathin Mn-MOF (U)). These were characterized thoroughly, and their
tribological activity has been evaluated. Undoubtedly, MnMOF(U) performed much better

than Mn-MOF (B).
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