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4.1. Introduction

Metal-Organic Frameworks (MOFs) are a new class of crystalline materials consisting of
2D/3D networks formed by the nucleation of the metal centers and bridging organic
ligand(s)*~3. Recently, MOFs have been widely utilized in the field of energy conversion,
energy storage, catalysis, gas sorption, gas separation, sensor, and direct electrochemical
applications.*® Moreover, MOFs have been explored in the tribology due to their
attractive properties like large surface area, tunable porosity, and excellent thermal and
chemical stability.® Zeolitic imidazolate framework (ZIF- a sub-class of MOF) has been
recently employed in tribology. Various ZIF such as ZIF-7, ZIF-9, ZIF-11, ZIF-12 have
been reported with excellent performance in the triboelectric nanogenerator. ZIF-8 and
ZIF-67 have also been employed as additives in lubricants to reduce friction. 10t
Similarly, the self-lubricating properties of the nanocomposites of mesoporous Cu-BTC-
MOFs have been investigated.'?

In addition, a series of 2D materials such as graphitic carbon nitride, metal chalcogenides,
layered metal hydroxides, graphene, etc., attain immense attention in tribology due to
their high mechanical strength and flexibility.13!* 2D materials have been employed as
the additive to increase the lubricant properties, and it has been observed that the
morphology of the nanomaterials plays a significant role in the tribology. For example,
ultrathin Zn-BDC was reported recently exhibiting excellent lubricant property.'® Even
recent tribological studies in our lab with a wide variety of additives heterocyclic organic
compounds,'®-8 nanoparticles, and their composites,**? nanohybrids of carbon spheres

and nanoparticles,?'?? graphene-based nanohybrids,?>2° nano lamellar molybdenum
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disulfide,?® and so on have revealed that nano lamellar structures showed excellent
performance.

These studies have inspired us to develop ultrathin Mn-MOF nanosheets [Mn-MOF (U)]
and compare the tribo activity with the bulk materials [Mn-MOF (B)]. For this purpose,
we have developed a unique method for the synthesis of ultrathin Mn-MOF nanosheets
[Mn-MOF (U)] by coordinatively saturating the axial position of the metal ions with
strong sigma donating ligand (triethylamine) along with the bridging ligand 1,4-benzene
dicarboxylic acid (BDC). Triethylamine occupies the axial position of the metal centers
and seizes the 3D growth of the MOF to form ultrathin nanosheets (Scheme 1).

It should be mentioned here that the previous synthesis of ultrathin MOF was reported
either by the hydrothermal method or by liquid-phase exfoliation of the bulk MOF.2-%
Ultrathin MOF synthesized by the hydrothermal method requires high temperature and
pressure and the quality of the nanosheets is not satisfactory.?’” On the other hand, the
liquid phase exfoliation of the bulk MOF results in the fragmentation of the
nanosheets.?82° As a result, ultrathin MOF nanosheets synthesized by the exfoliation
method have small size and poor quality. The yield of the MOF nanosheets is also a
matter of concern as a large amount of sample is required in tribology. The present
method allows us to produce ultrathin MOF nanosheets in gram scale with an average
thickness of 9 nm. Tribological results based on several parameters such as mean wear
scar diameter (MWD), the average coefficient of friction (COF), and load-carrying ability

revealed ameliorated performance of Mn-MOF (U) compared to Mn-MOF (B).
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4.2. Experimental section

4.2.1. Synthesis of additives

4.2.1.1 Synthesis of ultrathin Mn-MOF nanosheets/Mn-MOF (U)
Dimethylformamide (32 mL), ethanol (2 mL), and water (2 mL) were mixed ina 100 mL
round bottom flask to get a homogeneous solution. 1,4-benzene dicarboxylic acid (BDC,
0.75 mmol) was dissolved in it, followed by the addition of Mn(OAc)2.4H.O (0.75
mmol). Immediately, TEA (triethylamine, 0.8 mL) was added to the above mixture (at a
time) and stirred for 5 min to obtain a colloidal suspension. The colloidal suspension was
continuously sonicated for 4 h at room temperature under a nitrogen atmosphere. Finally,
the product was collected by centrifugation at 8000 RPM, washed with ethanol for 5
times, and dried at room temperature in a vacuum.

4.2.1.2. Synthesis of bulk Mn-MOF/Mn-MOF (B)

Bulk Mn-MOF was synthesized by a similar method to Mn-MOF (U) without adding

TEA in the solution of Mn(OAc)24H,0 and 1,4-benzene dicarboxylic acid.*

Ultrathin 2D MOF

Scheme 4.1. Schematic illustration for the synthesis of ultrathin Mn-MOF (U)
nanosheets by saturating the coordination sites of the metal ions with triethylamine

in the presence of bridging ligand 1,4-benzene dicarboxylic acid
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4.2.2. Sample Preparation

Test samples of different concentrations in the PO, 0.00, 0.10, 0.15, 0.20 and 0.25% wi/v
were prepared via 1 h sonication at room temperature. The tribological tests were
performed at an optimized concentration, i.e., 0.15% w/v in base oil.

4.3. Results and discussion

4.3.1. Synthesis and Characterization of the MOFs

3D Mn-MOF was synthesized by the reaction of Mn?* salt with the bridging ligand BDC.
A huge change in the morphology and dimension of the MOF particles was observed
when triethylamine was added to the solution of Mn?* and BDC. Triethylamine seizes
the 3D growth of the MOF by occupying the axial positions of the metal ions in an
octahedral arrangement. The Powder X-ray diffraction (P-XRD) pattern confirms the
crystal structure of Mn-MOF (U), and the pattern is exactly matching with the previous
report (Figure 4.1a).%° Mn-MOF (U) crystallized in a monoclinic system (a#b #c, a =1
=90°# B), having space group C2/c.%® The peaks were detected at 2 theta values of 9.58°,
14.37°, 18.30° and indexed for the planes (200), (100), and (400), respectively. Mn-MOF
(V) has the formula [Mn4(BDC)s(NEt3)s], where the Mn ions are bonded with four
oxygen atoms of the carboxylate groups of BDC, whereas two axial positions of the
octahedra are occupied by TEA. As the Z-direction growth is seized by the addition of
TEA, the MOF crystallizes as 2D material. The monolayers of Mn-MOF (U) were
extracted by the top-down approach during the synthesis, i.e., by weakening the van der
Waals forces between the layers with ultrasonication. Similarly, the PXRD of Mn-MOF

(B) showed a similar pattern to Mn-MOF (U), while a slight shift of the peak positions
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was observed (Figure 4.2a). The shift corresponding to the plane (200) was calculated to

be 0.004 nm.
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Figure 4.1. (a) 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 ™t 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.
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Fourier transformed infrared (FT-IR) spectrum of Mn-MOF (U) showed the
characteristic peak of bridging carboxylic acid group at 1558 cm™* lower than that of free
BDC (1690 cm™?, Figure 4.1c).3* Energy-dispersive X-ray spectroscopic (EDX) studies
confirmed the presence of the elements Mn, C, N, and O, (Figure 4.1d) whereas Mn-
MOF (B) showed the presence of Mn, C, and O (Figure 4.2c). The morphology of Mn-
MOF (U) was investigated by field emission scanning electron microscopic (FE-SEM)
and transmission electron microscopic (TEM) studies. FE-SEM image of Mn-MOF (U)
showed 2D ultrathin nanosheets. The thickness of the upstanding nanosheets was
determined to be 8-12 nm (Figure 4.1e). SEM studies of Mn-MOF (B) showed 3D
irregular morphology with agglomerated structure (Figure 4.2b). TEM image revealed
transparent and atomic level thick nanosheets of ultrathin Mn-MOF (U) (Figure 4.19).
HR-TEM exhibited the lattice spacing of 0.20 nm corresponding to the (200) plane of
Mn-BDC (Figure 4.1g, inset).®? TEM images of Mn-MOF (B) detected the particles with
irregular shape (Figure 4.2d). Atomic force microscopic (AFM) image showed the
thickness of the Mn-MOF (U) nanosheets to be ~9 nm (Figure 4.1f). The atomic-level
thickness of Mn-MOF (U) was also confirmed by the Tyndall effect. Scattering of the
light was observed when the dispersion of Mn-MOF (U) in ethanol was irradiated with a

Laserbeam (Figure 4.1h).
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Figure 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)

The oxidation states and the electronic environments of the elements in Mn-MOF (U)
were investigated by the X-ray photoelectron spectroscopic (XPS) studies. Mn 2p XP
spectrum was deconvoluted into two peaks at binding energies 643.15 eV and 653.04 eV
corresponding to 2ps;2 and 2p1s, respectively (Figure 4.3a). The peak at 643.15 eV was
assigned for Mn*, whereas the peak at 640.13 eV originated from Mn?*.333* The presence
of mixed valent Mn?*3* was also confirmed by a spin-orbit spacing value of 10.4 eV
(Figure 4.3a).% O 1s XPS was fitted into two peaks at 530.66 eV attributed to the metal-
oxygen bond, and the peak at 531.84 eV was assigned for absorbed water molecules
(Figure 4.3b).33% C 1s XP spectrum showed three peaks at binding energies 285.57 eV,
284.79 eV and 283.87 eV (Figure 4.3c). The peak at 285.57 eV was attributed to the C-
O bond, and the peak at 284.79 eV was assigned for the C-C bond.%” The peaks at 283.87

eV corresponded to the M-O-C bond in ultrathin Mn-MOF (U).%
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Figure 4.3. (a) 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
The Mn 2p XPS of the Mn-MOF (B) was deconvoluted into two peaks at binding energies
642.5 eV and 653.6 eV corresponding to 2ps2 and 2pusz, respectively (Figure 4.4a). The
peak at 641.1 eV originated from Mn?*, whereas the peak at 642.5 eV was assigned for
Mn3*. The satellite peak corresponding to Mn?* was detected at the binding energy 646.1
eV. O 1s spectrum showed two peaks at binding energies 530.5 and 531.5 eV attributed
to the metal-oxygen bond and absorbed water molecules, respectively (Figure 4.4b).3%-4
The XP spectrum of C 1s showed four peaks at binding energies 284.1, 284.6, 285.6, and
288.3 eV corresponding M-O-C bond, C-C bond, C-O bond, and O-C=0O bond,

respectively (Figure 4.4c).*
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Figure 4.4. (a) Mn 2p XP spectrum of Mn-MOF (B) showed the presence of mixed
valent Mn?*3* (b) O 1s XP spectrum, (c) C 1s XP spectrum.

4.3.2. Evaluation of tribological properties of Mn-MOF (U) and Mn-MOF (B)
4.3.2.1. Dispersion stability

Apart from tribological activity, the stability of the dispersion of the additives is
necessarily desired. The determination of dispersion stability of the Mn-MOF (U) and
Mn-MOF (B) in paraffin oil (PO) has been accomplished by recording absorbance of the
blends (UV/Visible spectroscopy) in the range 200-800 nm from day 0 to day 7 (Figure
4.5). The blends of the optimized concentration (0.15% w/v) in PO were 10 times diluted,
and their initial absorbance values were noted. The absorbance data were collected for 7
days. Figure 4.5a delineates the change of relative absorbance against settling time for
the synthesized additives. In general, the relative absorbance goes down with time, but
the amount of reduction is much lesser in Mn-MOF (U) than Mn-MOF (B) within 7 days.
Accordingly, the Mn-MOF (U) shows much higher dispersion stability than Mn-MOF

(B). The absorbance pattern of Mn-MOF (U) has been shown in the inset of Figure 4.5a.
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Additive absorbs at almost 282 nm. Photographs of dispersion of Mn-MOF (B) and Mn-

MOF (U) in the beginning and after 7 days are displayed in Figure 4.5b.
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Figure 4.5. (a) Dispersion stability of base oil containing Mn-MOF (B) and Mn-MOF
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(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).

4.3.2.2. Evaluation of Optimized concentration of the additives

The tribological properties, indeed, are dependent on the concentration of the additive.

Therefore, admixtures of the additives at varying concentrations 0.00, 0.10, 0.15, and

0.20% wi/v in PO were prepared and tested according to antiwear test ASTM D4172

conditions; 392 N applied load run for 60 min at 1200 RPM. The observed mean wear

scar diameters (MWD) at various concentrations are illustrated in Figure 4.6a.

For the surface lubricated with plain paraffin oil, the MWD was observed as 0.735 mm,

which is remarkably reduced in the presence of blends. At 0.10% concentration of

additives, it goes down to 0.540 mm for Mn-MOF (B) whereas 0.535 mm for Mn-MOF

(V). The reduction in MWD continues further to 0.520 mm and 0.480 mm for the next
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tested concentration, 0.15% wi/v of these additives. After that, at 0.20% w/v, there is an
increase in MWD to 0.545 mm and 0.520 mm, respectively, for them. Thus, the
performance of MOF (U) has always been more significant than MOF (B) at all the tested
concentrations. The smallest MWD is obtained at 0.15% wi/v concentration for both the
additives. Thus, 0.15% of w/v could be identified as the optimized concentration.
4.3.2.3. Antiwear and antifriction properties of the additives

Following ASTM D4172 standards, 1200 rpm, 392 N load, and 60 min time, the antiwear
tests of base lube and its admixtures with Mn-MOFs were conducted at the optimized
concentration 0.15% wi/v. The average coefficient of friction (COF) is a significant
parameter related to the longevity of machines. The variation of COF with time for base
oil and its blends with the additive following ASTM D4172 conditions is depicted in
Figure 4.6b. The average COF for plain oil, 0.079, is lowered considerably in the presence
of the additives, 0.052 for Mn-MOF (B), and 0.043 for Mn-MOF (U). Unquestionably,
the additive Mn-MOF (U) is showing illustrious performance as an antifriction agent. In
general, COF is comparatively higher at the initial stages for the blank oil as well as its
blends with the additives. The high COF may be attributed to the absence of the tribofilm
in the beginning. With an increase in running time, the tribofilm is formed, and the COF
becomes steady. It is a noticeable feature of the graph that COF is quite smooth in the
presence of the additive; however, in its absence, the COF is not smooth at all. The
smoothness of the plot is directly related to the nature of tribofilm. Thus, it may be
inferred that tribofilm formed in the presence of Mn-MOF (U) is quite uniform, strong,

adherent, and persistent. Figure 4.6c¢ illustrates the two major tribological parameters,
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mean wear scar diameter (MWD) and the average coefficient of friction (COF)
concurrently in the form of a bar diagram. The MWD of the base oil, 0.735 mm, has
declined to 0.520 mm and 0.480 mm for the blends Mn-MOF (B) and Mn-MOF (U),
respectively. The ultrathin nanosheets of Mn-MOF have shown much better performance
than the other similar materials reported from our laboratory. For the lamellar structure
of reduced graphene oxide (rGO),2*** and molybdenum disulphide (M0S2)?¢? the
reduction in MWD was observed around 11% and 15%, respectively under similar
conditions, whereas in the case of Mn-MOF (B) and MOF (U) it reaches to 29, and 35%

respectively.
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Figure 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
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4.3.2.4. Load bearing test

The ASTM D5183 test conditions were followed to perform the load-bearing test. The
test was first conducted to complete the running-in period under the test conditions; 392
N load, 600 RPM, 75 °C temperature, 60 min. It was further resumed with consecutive
inclusion of 98 N load after 10 min interval till the attainment of seizure load. Figure 4.6d
narrates the variation of frictional torque with time and load simultaneously for paraffin
oil and its blends with the additives. It is evident from Figure 4.6d that the paraffin oil
fails to bear the load at 1078 N. On the other hand, the seizure load is observed at 2138
N for Mn-MOF (B) while 2527 N for Mn-MOF (U). Thus, there is sufficient enhancement
in the load-carrying capacity of the oil in the presence of the ultrathin MOF.

4.3.2.5. Frictional power loss

The frictional power loss (P) was calculated for paraffin oil with and without Mn-MOF
additives using the given equation (4.1).

P=221x (W) 4.1)

Where, 1 = coefficient of friction

1kWh = 3.6MJ (4.2)

The highest power consumption (0.062 MJ) was observed for plain paraffin oil. In the
presence of the additives, its value decreases to 0.0421 MJ for Mn-MOF (B) and 0.0339
MJ Mn-MOF (U). As evident from the data, more energy is saved in the case of MOF

(U) compared to MOF (B).
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Table 4.1. Loss of frictional power measured for different additives at the concentration,

0.15% (w/v) in PO

S.N. Additives Power Reduction % Reduction
consumption in Power in Power
MJ) consumption consumption

1. PO 0.062 _ _

2. Mn-MOF (B) 0.0421 0.0199 322

3. Mn-MOF (U) 0.0339 0.0281 45.6

4.3.3. Morphological studies of the worn surface

The steel balls after ASTM D4172 test were washed with n-hexane, dried, and then
morphology of the wear track in the presence of base oil with or without additive was
inspected using surface techniques, SEM and AFM. The SEM images presented in Figure
4.7 show furrows when the surface is lubricated with oil alone; however, it is highly
smoothened in the presence of the blends. The values of MWD are shown in the inset of
the images. Thus, for the surface lubricated with blends, almost 29% reduction in the
MWD is perceptible in the case of Mn-MOF (B) and nearly 35% for Mn-MOF (U). The
EDX spectrum of the worn surface in the presence of Mn-MOF (U) is shown in Figure
4.7d. It is discernible that manganese is present on the worn surface along with carbon
and oxygen. Thus, manganese is actively involved in tribofilm formation giving fabulous
tribo performance. At high pressure applied during tribological activity measurement, the

3D structure of bulk Mn-MOF is disturbed and converted into nanosheets. It is a common
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technique of forming ultrathin materials from the bulk.*3## In the presence of the 3.4 GPa
pressure during tribological activity testing, the monolayers from the bulk 3D MOF come
out to form 2D nanosheets. As a result, a significant difference was not observed from

the SEM studies of the worn surfaces lubricated by Mn-MOF (B) and Mn-MOF (U).
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Figure 4.7. (a), (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

The surface of the wear scar has been investigated by AFM studies as well. AFM
micrographs of the wear scar were recorded for oil with and without additive after
performing the antiwear test. Figure 4.8 narrates the 3D images of the worn surfaces
together with area and line roughness data Sq and Rq, respectively. The Sq value for
blank oil 626 nm has reduced to 312 nm and 171 nm for oil blended with Mn-MOF (B)

and Mn-MOF (U), respectively. Similarly, the Rq value also has shown a reduction from

Department of Chemistry, IIT (BHU), Varanasi. Page 106



CHAPTER-4

plain oil (919 nm), Mn-MOF (B) (362 nm), and Mn-MOF (U) (151 nm). The observed

roughness data also validate the tribological data.
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Figure 4.8. 2D and 3D AFM images of the worn steel surface lubricated with blank
paraffin oil (PO) and blends of PO with 0.15% wi/v of the additives at 392 N applied
load
The electronic environment and oxidation states of the elements on the worn surface were
determined by XPS studies (Figure 4.9). High-resolution Mn 2p spectrum was
deconvoluted into three peaks corresponding to Mn?*, Mn** and Mn*" species (Figure
4.9a).*4" This result indicates the oxidation of Mn?* in Mn-MOF (U) to a higher
oxidation state with applied high pressure during testing. Fe 2p XP spectrum showed the
feature of Fe,03 (Figure 4.9b).242%48 |mportant information about the structural changes
of Mn-MOF (U) during testing was derived from the O 1s spectrum (Figure 4.9¢). The O
1s peak was deconvoluted into three peaks. The new peaks at 529.2 eV and 530.3 eV
were originated from the Mn-O-Mn and Mn-OH species, which clearly showed the

transformation of the ultrathin MOF into a mixed valent manganese oxide (Mn?*, Mn®*,
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and Mn*") structure.®-*® The peak at 531.3 eV was assigned for the surface adsorbed

water molecule. The C 1s spectrum (Figure 4.9d) can be fitted into two peaks

corresponding to C=C and C-O species.*’
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Figure 4.9. XP spectra of the tribofilm formed on the steel surface lubricated with Mn-
MOF (U) under ASTM D4172 test conditions: (a) Mn 2p spectra, (b) Fe 2p spectra, (c)
O 1s spectra, and (d) C 1s spectra

4.4. Conclusions

Ultrathin manganese-based 2D-metal organic framework nanosheets were synthesized
by seizing the 3D growth in the presence of a strong sigma donating ligand. The thickness
of the Mn-MOF (U) was determined to be 9 nm. The newly synthesized 2D-ultrathin
MOF was found to show illustrious tribological performance in paraffin oil as manifested
from its tribological data, namely MWD, COF, seizure load, and frictional power loss.
EDX and XPS studies of the tribofilm on the wear track of steel ball supported the

observed results. SEM and AFM studies of the worn surface exhibited highly improved
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smoothening than paraffin oil alone. The tribological activity of Mn-MOF (U) showed
apparent enhancement as compared to that of Mn-MOF (B). It could be correlated with
the facilitated ease of sliding nanosheets in the former and restrained in the latter. Thus,
the antiwear and friction-reducing mechanism of Mn-MOF (U) can be explained on the
basis of the presence of weak van der Waals forces between the adjacent nanosheets in

2D materials, which promote their shearing under sliding motion.
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