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Introduction

Solid-lubrication properties of copper benzene-
1,4-dicaboxylate, a metal-organic framework with
a two-dimensional layered crystal structurey

Hiroshi Equchi, @*? Sara Kato,? Satoru Maegawa, @°
Fumihiro Itoigawa @®P® and Keniji Nagata ®-

Solid lubricants are widely used to control friction and wear in moving contact areas. In particular,
inorganic materials with layered crystal structures, such as graphite, are a well-known category of solid
lubricant. However, their structural designability is restricted because of their chemically stable nature,
making it difficult to control their tribological characteristics. In this study, the solid lubricity of copper(i)
benzene-1,4-dicarboxylate (CuBDC), a two-dimensional metal-organic framework (2D-MOF),
investigated as a new type of solid lubricant with structural diversity. The tribological measurements of
powder-supported specimens revealed that CuBDC exhibited good lubrication properties comparable to
those of typical solid lubricants, such as graphite and polytetrafluoroethylene. From the scanning electron
microscopy observations of the worn surfaces of the CuBDC-supported specimen, the layered crystal
structure of CuBDC effectively formed a smooth wear surface at the contact area. In contrast, specimens
supporting copper(i) benzoate and copper(i) benzene-1,3,5-tricarboxylate, which have similar chemical
natures as CuBDC, exhibited high frictional force, reflecting on the difference in their crystal structures.
Furthermore, the transformation of the CuBDC crystal by thermal treatment, which afforded interlayer
coordination bonds, increased the friction coefficient. These results suggest that the solid lubricity of
CuBDC originates from its layered crystal structure. Thus, the 2D-MOFs with layered crystal structures are
potential candidates for solid lubricants with good property tunability.

was

with two-dimensional (2D)-layered crystal structures are
widely used.”™’

For sustainable development, it is highly important to reduce
the friction and wear of sliding surfaces. According to
literature, 23% of all energy in human society is consumed to
overcome frictional forces and reproduce worn mechanical
parts.' To reduce friction, various types of lubricants, such as
oil, grease, and solid lubricants, are used in both the industry
and everyday life. Among them, solid lubricants can be used
under specific conditions where lubricants with fluidity are
not suitable, ie., ultra-low temperatures, high vacuum
conditions, and environments in which contaminations must
be avoided.”™ As representative solid lubricants, soft metals,
fluorine-containing polymers, and some inorganic particles
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Graphite and transition metal dichalcogenide—specifically
molybdenum and tungsten disulfide—with 2D-layered crystal
structures are known as solid lubricants.’®"" Their weakly
interacted layers can easily be cleaved by shear force under
sliding surfaces to exhibit solid lubricity. They have been
utilized widely because of their lubricity, chemical and
thermal stability, and availability. Another example of layered
solid lubricants is clays, e.g., mica and montmorillonite,
whose intercalated alkaline metal cation is exchangeable to
others, such as alkylammonium cations.”*™*  This
intercalation modification of clay facilitates the control of the
interactions between layers, tuning their solid lubricities
depending on the structures of cation species. More recently,
some transition metal carbide/nitride, called MXenes, have
attracted considerable attention as a new solid lubricant
owing to their high mechanical properties and modifiability
for surface characteristics.">'® However, the designability of
the layered crystal structures and tunability of their
properties are still limited for the conventional solid
lubricants mentioned above. Therefore, developing novel
materials with structural diversity is important to achieve the
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fabrication of tailor-made solid lubricants for the recent
requirements in various application fields such as robotics,
space engineering, and microelectromechanical systems
(MEMS).

As candidates for solid lubricants, metal-organic frameworks
(MOFs) are attractive materials owing to their distinctive
features. The structure of MOFs consists of transition metal
ions and organic linkers, forming coordination bonds to
fabricate polymeric crystalline materials."”” They have been
deployed for various applications in gas separation,'® energy
storage,'® molecular recognition,’>*" and polymer composite.>”
MOFs have substantial structural designability because of the
variation of organic linkers and the combinations with metal
ions. Using planar coordination units to prepare MOFs, 2D-
MOFs with layered crystal structures can be fabricated.
Compared with conventional solid lubricants, the lubricities of
2D-MOFs are tunable by designing the structures. Therefore,
2D-MOFs can be employed as solid lubricants that complement
conventional ones (Fig. 1a). Furthermore, Liu and coworkers
have recently revealed that the highly smooth surfaces of 2D-
MOF crystals exhibit solid superlubricity under nanotribological
experimental conditions using atomic force microscopy
techniques.”>**  These results strongly encourage the
application of 2D-MOFs as solid lubricants in macroscopic uses.

In this study, we demonstrate the solid lubricity of copper
benzene-1,4-dicarboxylate (CuBDC), a known 2D-MOF with a
layered crystal structure (Fig. 1b). Copper(un) cation and
carboxylate anion form a paddle-wheel-type Cu,(COO),
secondary building unit (SBU); thus, the linear ligand of
benzene-1,4-dicarboxylate provides a square planar MOF
structure.”® The tribological characteristics of CuBDC as a
solid lubricant are evaluated with ball-on-disk friction tests,
and the worn surface is observed by scanning electron
microscopy (SEM). The relationship between the lubrication
properties and crystal structure is revealed by comparing the
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series of the related coordination compounds with different
numbers of carboxylate moieties, indicating that the layered
crystal structure is essential for solid lubricity. Additionally,
the effect of the crystal transformation of CuBDC by thermal
treatment on its solid lubricity is discussed.

Experimental
Materials

A filter paper (©30 mm x 0.26 mm, cellulose, minimum retention
particle size is 5 um) was obtained from Advantec (Tokyo, Japan).
Copper(u) acetate monohydrate, benzene-1,4-dicarboxylic acid,
and benzene-1,3,5-tricarboxylic acid were purchased from the
Tokyo Chemical Industry (Tokyo, Japan). Dimethylformamide
(DMF) was supplied from Fujifilm Wako Pure Chemical (Osaka,
Japan). Ethanol and tert-butanol were obtained from Nacalai
Tesque (Kyoto, Japan). Polytetrafluoroethylene (PTFE, 10 um) and
graphite platelets (25 um) were purchased from Sigma-Aldrich
(Steinheim, Germany). Silica powder (colloidal silica, 19-84 nm
for primary particles and ~15 pum for secondary particles) was
supplied from Kanto Chemical (Tokyo, Japan). All chemicals were
used as received.

Characterization

SEM observations were performed on a JSM-IT200 instrument
(JEOL, Tokyo, Japan). All sample surfaces were coated with a
thin Pt layer using a JEC-3000FC Auto Fine Coater (JEOL,
Tokyo, Japan) before SEM observation. Powder X-ray
diffraction (PXRD) analyses were carried out on SmartLab SE
(Rigaku, Osaka, Japan) equipped with a Cu Ka X-ray source
and a D/tex Ultra250 1D detector. Fourier transfer infrared
(FT-IR) spectroscopy measurements were carried out on FT/
IR-6700 (JASCO, Tokyo, Japan) using an attenuated total
reflection method. X-ray photoelectron spectroscopy (XPS)
characterizations were performed on a PHI Quantes system
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Fig. 1 Solid lubricants with a layered structure: (a) schematic of the lubrication mechanism of graphite and the structural feature of the two-
dimensional metal-organic frameworks (2D-MOFs); (b) preparation of square-planar Cu,(COO), building unit and copper(i) benzene-1,4-

carboxylate (CuBDC) and the concept of its solid lubrication properties.
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(ULVAC-PHI, Kanagawa, Japan) with an Al K, X-ray source
and a detection angle of 45°. Tribological experiments were
performed on a lab-made reciprocating ball-on-disk
tribometer. A 6-axis force-torque sensor (PFS-55YA251U6,
Leptrino, Nagano, Japan) with +0.125 N force resolution and
an auto liner moving stage (KXL06030, Suruga Seiki,
Shizuoka, Japan) were used as a friction sensor and
mechanical sliding device, respectively. The friction
coefficient data were plotted as a moving average for clarity.

Synthetic procedures of the coordination compounds

Copper benzene-1,4-dicarboxylate. According to a reported
procedure,” CuBDC was prepared as follows: copper(i)
acetate monohydrate (0.800 g, 4.00 mmol) was added to a
round bottom flask containing a solution of benzene-1,4-
dicarboxylic acid (0.667 g, 4.00 mmol) in DMF (90 mL). After
mixing the suspension for several minutes, the reaction flask
was placed in an oil bath at 110 °C without stirring. After 36
h at that temperature, the reaction mixture was cooled to
ambient conditions, and the resulting dispersed solid was
collected by vacuum filtration using a membrane filter. The
obtained blue solid was sequentially washed with DMF,
methanol, and acetone. Thereafter, the solid was dispersed
in tert-butanol by sonication and subsequently freeze-dried to
obtain CuBDC as a blue powder (yields: 1.07 g).

Copper benzene-1,3,5-tricarboxylate. The preparation
procedure of copper benzene-1,3,5-tricarboxylate (CuBTC) was
the same as that of CuBDC, except that the ligand was replaced
with benzene-1,3,5-tricarboxylic acid, and 1.33 equivalents
relative to copper(u) acetate were used (yields: 0.59 g).

Copper benzoate. According to a reported procedure,*®
copper benzoate (CuBMC) was prepared as follows: copper(n)
acetate monohydrate (0.995 g, 5.00 mmol) was added to a
round bottom flask containing a solution of sodium benzoate
(1.41 g, 10.0 mmol) in tetrahydrofuran (80 mL). The reaction
mixture was refluxed for 12 h, and after cooling to ambient
temperature, the suspension was filtered. The volatile
organics in the filtrate were removed under reduced pressure.
The resulting solid was dispersed in tert-butanol by
sonication and subsequently freeze-dried to obtain CuBMC
as a blue powder (yields: 0.83 g).

Tribological experiments

A specimen for friction test was prepared as follows: solid
lubricant powder was dispersed in ethanol by sonication and
deposited onto a cellulose filter paper by vacuum filtration.
Thereafter, it was dried at 100 °C and fixed onto cardboard
using an epoxy adhesive. The obtained specimens were
attached to the sliding stage of the reciprocating tribometer.
A steel ball (®4.8 mm, SUJ-2) was used as a counterpart, and
a normal load of 5.0 N was applied. Since a cellulose filter
paper was compressed by a counterpart to proceed with
plastic deformation in this experimental condition, the actual
normal load was considered rather than the Hertzian contact
pressure. A sliding distance was set up to 10 mm, with a

© 2025 The Author(s). Published by the Royal Society of Chemistry
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maximum sliding speed of 10 mm s™* at the half point. The
frictional force was recorded at a sampling rate of 10 Hz,
reaching 1000 reciprocating cycles (approximately 2400 s). To
clarify the friction coefficient vs. time curves, the moving
average value for 10 s was plotted on the graphs. All
specimens were evaluated at least three times to check their
reproducibility.

Results and discussion

Using a solvothermal method, CuBDC was synthesized as a blue
powder (Fig. 2a). To obtain fine particles of CuBDC for
measuring the solid lubricityy, CuBDC was dispersed in
tert-butanol by sonication; thereafter, a freeze-drying process
was carried out. The powdery CuBDC was redispersed in
ethanol and supported onto a filter paper by vacuum filtration
to obtain a specimen for friction test (Fig. 2b). The PXRD
pattern of the obtained powder was good in accordance with
the simulation based on the single-crystal structure reported
previously (Fig. 2c),* indicating that the layered structure
incorporated the DMF molecules coordinated to an apical
position of copper atoms. From the observation of the surface
of the CuBDC-supported specimen, there were many cracks in a
filter cake whose width was 20-50 um (Fig. 2d), presumably
because of the drying process. Additionally, a maximum particle
size of 2 pm was observed, and the particles aggregated to form
the filter cake. Further, graphite-, PTFE-, and silica-supported
specimens were prepared using the same procedure. Similar
surface morphologies with cracks were observed in the silica-
supported specimen, and the surfaces of the graphite- and
PTFE-supported specimens were relatively uniform (Fig. S1 in
ESI¥).

The solid lubricities of CuBDC and other powders were
evaluated with ball-on-disk reciprocating friction tests
(Fig. 3a and b, ®4.8 mm SUJ-2 steel ball was used as a
counterpart, and a normal load of 5 N was applied). Fig. 3¢
shows the friction coefficient changes during the
measurements of various specimens. For a filter paper
without supported particles, the friction coefficient rapidly
increased during the first 200 s, and finally, it reached a
steady state, in which the friction coefficient was 0.63. The
friction coefficient was increased because of the contact-area
expansion with the compression of the filter paper fibers at
the sliding surface. Similarly, a silica-supported specimen
exhibited almost the same friction coefficient of 0.64,
indicating that silica particles did not play a role as a solid
lubricant. In contrast, the CuBDC-supported specimen
exhibited considerably different characteristics. That is, the
friction coefficient slightly decreased to ~0.20 for the first
200 s and maintained that value during the measurement
period (2400 s). This result was reproducible even when the
preparation condition of CuBDC was changed (Fig. S12 in
ESIt). To clarify the solid lubricity of CuBDC, friction tests of
specimens supporting other solid lubricants were conducted.
Resultantly, the friction coefficients of the graphite- and
PTFE-supported specimens under steady state were
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Fig. 2 Preparation of the CuBDC-supported specimen: (a) synthesis of CuBDC using a solvothermal method; (b) preparation procedure of the
specimens supporting the powder; (c) measured and simulated powder X-ray diffraction patterns of CuBDC, in which the latter one was calculated
based on the single-crystal structure reported in ref. 25; (d) scanning electron microscopy (SEM) images of the surface of the CuBDC-supported

specimen.

determined to be 0.28 and 0.14, respectively. In the case of = roughly packed in the cake at the initial state and gradually
the graphite-supported specimen, the friction coefficient compressed by a counterpart during the friction test along
slightly increased in the early stage of the friction test (~100  with the expansion of the contact area. Thus, until the tightly
s), which would originate from the relatively thick filtration  compressed surface was formed, the friction coefficient was
cake of graphite (Fig. S4 in ESI}). The graphite particles were  slightly increased. From the above, the solid lubricity of
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Fig. 3 Characterization of the solid tribological properties on the powder-supported specimens: (a and b) schematic and optical images of the
reciprocating tribometer; (c) friction coefficient vs. time curves of the specimens against a steel-ball counterpart; (d) friction coefficient of the

specimens at the steady state (error bar: standard deviation).
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CuBDC was almost comparable to that of representative solid
lubricants (Fig. 3d), presumably because of the layered crystal
structure.

To investigate the role of the supported solid particles, the
surfaces of the specimens after the friction test were observed
using SEM (Fig. 4). On the worn surface of the pristine filter
paper, cellulose fibers were compressed, forming a highly
rough morphology with fractures of fibers. In contrast, the
worn surface of the silica-supported specimen was relatively
smooth, presumably because the colloidal silica particles
filled the spaces between the compressed fibers. For the
CuBDC-supported specimen, the worn surface was relatively
smooth, exhibiting a morphology like the structure of hair
cuticles. That indicates that a lubrication layer consisting of
CuBDC formed on the surface of the sliding area. Further, a
similar morphology was observed on the worn surface of the
graphite-supported specimen, indicating that they had
similar lubrication mechanisms. The worn surface of the
PTFE-supported specimen displayed a slightly different
morphology, where the shapes of cellulose fiber were still
distinguishable. To obtain further insight, the cross-sections
of the worn specimens were observed using SEM-EDS (Fig.
S5-S7 in ESIt). PTFE particles were located not only on the
worn surface but also in the space between the cellulose
fibers, where some fibers remain to be exposed to the surface
of specimens. In contrast, CuBDC and graphite formed
continuous lubrication layers on the top of the worn surface.
These differences would mainly originate from the

oo N
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characteristics of the particles. That is, particles with lamellar
platelet shapes like CuBDC and graphite strongly tend to
spread laterally by shear force. Therefore, CuBDC would act
similarly to graphite under the experimental conditions,
resulting in a low friction coefficient (~0.20).

In general, the lubricities of solid lubricants originate
from the reducing interfacial shear stresses between contact
surfaces. To clarify the role of CuBDC under the sliding
surface, its interfacial shear stresses in the tribotests were
discussed. The frictional force is represented by the following
equation:

F=A,Xxs,

where F is a frictional force, A, is a real contact area, and s is
the interfacial shear stress.>” To all the specimens, the widths
of the wear tracks ranged from 1.1 to 1.3 mm, indicating that
their apparent contact areas were comparable. Further,
judging from the surface morphologies observed by SEM,
there were no critical differences in the roughness of the
contact areas, except for that of the pristine filter paper,
indicating that the real contact areas between the counterpart
and the specimens were similar. Therefore, the differences
between the frictional forces were mainly dependent on the
difference in the shear stress. For the silica-supported
specimen, a high friction coefficient (0.64) was measured
despite the relatively smooth surface similar to that of other
specimens, which was due to the high interfacial shear stress

Fig. 4 Microscopic observations of the worn surfaces: (a) representative optical microscope image of the worn surface (CuBDC-supported

specimen); SEM
polytetrafluoroethylene-supported specimens.

© 2025 The Author(s). Published by the Royal Society of Chemistry

images of the worn surfaces of (b) pristine filter paper and the (c) silica-,

(d) CuBDC-, (e) graphite-, and (f)
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between silica and a steel counterpart. In contrast, owing to
the low shear stresses derived from the weekly interacted
lamellar structure, the specimens supporting graphite
exhibited a low friction coefficient (0.28). For CuBDC, a
similar lubrication mechanism, namely the cleavages of the
layered structure with weak interaction,*® was assumed.

To elucidate the transfer film formation, the composition
of the surface of the steel ball after the friction test was
evaluated. After blowing the steel surface to remove the
attached powders, XPS measurements were performed with
®100 pm X-ray beam which was sufficiently smaller than the
width of the contact area (~400 pum, Fig. S8a in ESIf). Based
on the survey scan analysis (Fig. S8b in ESI}), it was revealed
that 64 atom% of C and 32 atom% of O were absorbed on
the steel surface after the friction test. In addition,
approximately 1 atom% of copper was also detected. To
investigate the details, a high-resolution spectrum of C 1s
was also measured (Fig. S8c in ESI}). In the spectrum, the
two peaks attributable to aromatic sp*> C-C and COO group
were observed at 284.5 eV and 289.0 eV, respectively,
suggesting that the surface of the counterpart was covered
with the ligand of CuBDC. Furthermore, the latter peak was
shifted from that of the pristine CuBDC (288.2 eV),
presumably due to the hydrolysis of copper carboxylate
(COOCu) structure to form dicarboxylic acid during the
friction test.>® Therefore, the transfer film fabricated by the
friction of CuBDC mainly consisted of the ligand rather than
the pristine 2D-MOF structure.
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Next, the effect of the layered crystal structure of CuBDC on
the solid lubricity was examined. The three-dimensional crystal
structure of MOFs depends on the geometries of both SBUs and
organic linkers, and the connectivity of the SBUs can be modified
by changing the chemical structures of the ligand molecules. For
CuBDC, if the ligand was replaced with benzoic acid or benzene-
1,3,5-tricarboxylic acid, coordination compounds with zero-
dimensional and three-dimensional structures (CuBMC and
CuBTC, respectively) can be fabricated (Fig. 5a).>*° This series of
coordination compounds with similar chemical composition but
different SBU connectivity was regarded as a good model to
investigate the effects of crystal structure on the solid lubricity of
MOFs. Therefore, the tribological characteristics of CuBMC and
CuBTC were evaluated. Both CuBMC and CuBTC were prepared
according to the reported literature, and the obtained powders
were retained onto filter paper as mentioned above. The SEM
observations of the surfaces revealed that the particle of CuBTC
exhibited a chunk shape with a size from 5 to 20 um (Fig. 5b). In
contrast, the morphology of CuBMC was porous, and individual
particles were undistinguishable by the SEM image, indicating
that the primary particle size would be less than sub
micrometers. Regarding both specimens, there were cracks in the
filter cakes similar to the case of CuBDC.

The friction coefficient curves of the CuBMC- and CuBTC-
supported specimens are shown in Fig. 5c¢ with the result of
CuBDC. It shows that their solid lubricities are significantly
affected by their crystal structures. In all cases, the friction state
changed to a steady state within the first 200 s, where the order
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Fig. 5 Evaluation of the coordination compounds with related structures to CuBDC: (a) synthesis of copper benzoate (CuBMC) and copper
benzene-1,3,5-tricarboxylate (CuBTC); (b) SEM images of the CuBMC- and CuBTC-supported specimens; (c) friction coefficient vs. time curves of
the specimens against a steel-ball counterpart; (d) SEM images of the worn surfaces of the specimens.
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of their friction coefficient was CuBTC (0.62) > CuBMC (0.38) >
CuBDC (0.20). Regarding the result of CuBTC, the three-
dimensionally connected crystal structure did not cleave easily
by shear stress. Furthermore, the particles of CuBTC were
relatively large (up to approximately 20 um), which would cause
their exclusion from the contact surface by sliding a ball.
Therefore, direct contact between the ball and cellulose fiber
occurred and caused severe damage on the worn surface,
similar to the case of the specimen without solid particles
(Fig. 5d). In contrast, there were no destructive fractures of
fibers on the worn surface of the CuBMC-supported specimen.
Owing to the potentially fragile nature of the CuBMC crystal,
which did not have coordination bonds between SBUs, the
formation of the tiny particles was induced by frictional force to
fill the space between the cellulose fibers. Resultantly, the
surface roughness was controlled to a moderate level, and the
direct contact between the cellulose fibers and a counterpart
was partially suppressed, maintaining a low friction coefficient.
However, the fibrous morphology was still observable on the
surface, and effective lubrication layers were not fabricated
compared with the case of CuBDC. These results suggested that
the solid lubrication property of CuBDC originated from its 2D
crystal structure.

Furthermore, the effect of the transformation of the crystal
structure was investigated. Recently, Jing et al. reported that
CuBDC underwent a change in crystal structure upon heating at
250 °C under vacuum conditions, in which incorporated DMF
molecules coordinated to the apical position of the paddle-
wheel SBU were evaporated.”® Thereafter, new coordination
bonds were formed between a copper atom with a vacant site
and an oxygen atom of the carboxylate group located in an
adjacent layered structure (Fig. 6a). Consequently, the thermal
treatment of CuBDC provided a three-dimensionally connected

(@) ant
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crystal structure, indicating the increase in the friction
coefficient because of the loss of the cleavable interfaces. The
thermal treatment of powdery CuBDC was carried out as
reported in the literature to obtain a transformed compound
(CuBDC-heat). Thermal gravimetric analysis revealed that the
temperature at the start of the weight loss increased from ~200
°C to ~300 °C, indicating the removal of the coordinated
solvent (Fig. 6b). Further, this was supported by the FT-IR
spectra, where the peak originated from dimethylformamide
observed at 1664 cm ™" disappeared after thermal treatment (Fig.
S11 in ESIf). Additionally, a peak attributable to the
antisymmetric COO™ stretching mode was shifted from 1608
em™ to 1586 cm ' reflecting on their coordination
environments,”>*" although an unidentified minor peak also
appeared at 1550 cm " which was presumably due to the
irregular hydrolysis. Furthermore, the PXRD pattern before and
after thermal treatment completely changed, indicating that the
transition of the crystal structure successfully proceeded (Fig.
S10 in ESIf). Subsequently, the solid lubricity of CuBDC-heat
was evaluated as described earlier. Resultantly, the friction
coefficient of the CuBDC-heat-supported specimen was
recorded to be 0.68 (Fig. 6¢), which was considerably higher
than that of pristine CuBDC (0.20). The SEM observation of the
worn surface indicated a rough morphology similar to that of
the CuBTC-supported specimen, indicating that a lubricating
film did not form on the substrate because of the loss of the
layered crystal structure.

Conclusions

In conclusion, we demonstrated the solid lubrication properties
of CuBDC, a 2D-MOF, and its lubrication mechanism was
discussed. CuBDC exhibited a good performance comparable to
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Fig. 6 Transformation of the crystal structure of CuBDC: (a) schematic image of the structural change in the crystal structure of CuBDC by
thermal treatment; (b) thermal gravimetric analyses of CuBDC before and after thermal treatment; (c) friction coefficient vs. time curve of the

CuBDC- and CuBDC-heat-supported specimens.
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that of representative solid lubricants, graphite and PTFE, and
the SEM observation revealed that CuBDC formed a smooth
surface on a substrate during the friction test. To elucidate the
lubrication mechanism of CuBDC, comparative experiments
with the structurally related copper-containing coordination
compounds were carried out. Furthermore, the effect of the
crystal transformation of CuBDC into the non-layered structure
was investigated. These results indicated that the layered
structure of CuBDC would be an essential factor for exhibiting
its solid lubricities. An advantage of 2D-MOF-based solid
lubricants is the designability of their structural and chemical
features, which provides the opportunity to tune the tribological
performance. Our current research focuses on expanding this
concept to other coordination compounds and their practical
applications.
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