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Abstract: The layered double hydroxide (LDH) is a kind of natural mineral, which can also be manually 

prepared. It has been practically applied in various fields due to its unique crystal structure and diversity of 

composition, size, and morphology. In this work, LDHs with different chemical compositions (Co2+, Mg2+, Zn2+, 

and Ni2+) and topographical features (flower-like, spherical, and plate-like) were successfully prepared by 

controlling the reaction conditions. Then, they were mechanically dispersed into base grease and their tribological 

properties were evaluated by a ball-on-disk tester under a contact pressure of 2.47 GPa. It was found that the 

variation of morphology, instead of chemical composition, had great influence on the tribological performance. 

The “flower-like” LDH sample with high specific surface area (139 m2/g) was demonstrated to show the best 

performance. With 1 wt% additive, the wear volume was only about 0.2% of that lubricated by base grease. The 

tribofilm with unique microscopic structure and uniform composition was derived from tribochemical reaction 

between LDH additives and sliding solid surfaces, effectively improving tribological properties of the lubrication 

system. This work provided the guidance for optimizing lubricant additives and held great potential in future 

applications. 
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1  Introduction 

Friction is quite common in our daily life and industrial 

activities. However, unnecessary friction and related 

wear may cause huge losses, specifically accounting 

for about 5% to 7% of their gross national product in 

highly industrialized countries [1–3]. In the past few 

years, novel lubricant materials and concepts have 

been constantly explored and optimized so as to avoid 

unnecessary friction in most industrial processes, 

including manufacturing, power transmission, tran-

sportation, etc. [4–6]. Among them, two-dimensional 

materials attracted great attention in the field of 

tribological research due to their unique crystal 

structure and physicochemical properties. As compared 

with ordinary nanoparticles as lubricant additives, 

two-dimensional materials possess smaller longitudinal 

dimension so that they are much easier to enter the 

contact area between sliding solid surfaces [7]. 

Typically, a large variety of layered materials such as 

MoS2 [7–10], black phosphorus [11, 12], and graphite- 

derived materials [13–17], have been most widely 

reported because of relatively high specific surface 

area for good dispersion in lubricant and relatively 
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weak van der Waals forces for easy shear between 

their laminates. 

Recently, a kind of layered natural mineral called 

layered double hydroxide (LDH), which can also be 

prepared by chemical synthesis means, was reported 

to exhibit excellent tribological properties when utilized 

as additives in both oil- and water-based lubricants 

[18–22]. The chemical formula can be expressed as: 

[M2+
1–xM3+

x(OH)2]x+(An–)x/n·mH2O. M2+ and M3+ are 

divalent and trivalent metal cations, respectively; An– 

is the interlayer anion for charge balance. Metal cations 

are located at the center of the hexagonal crystal of 

the laminates, while the hydroxide ions occupy the 

apexes of the hexagonal crystal. Most of metal cations, 

such as Mg2+, Al3+, Fe3+, Co2+, Ni2+, Cu2+, Zn2+, etc., can 

achieve atomic-level dispersion in the laminates of 

LDHs. LDH materials and their composite products 

have been widely reported in the field of energy 

storage, ion exchange, drug delivery, and flame retardant 

additives, etc. [23–25]. As lubricant additives, LDH 

nanoplatelets may facilitate the formation of a protective 

tribofilm with good mechanical properties during 

sliding process [21]; besides, ultrathin LDH nanosheets 

were utilized to enable the sliding solid surfaces to  

be polished and protected because of their relatively 

weak interlayer interaction [22]. Due to its diversity 

in terms of chemical composition, particle size, and 

macroscopic morphology, the practical application and 

mechanism analysis in the field of tribology deserve 

further exploration. 

In this paper, as-prepared LDH products were 

controlled in many aspects including size, morphology 

(flower-like, spherical and plate-like) and chemical 

composition (Co2+, Mg2+, Zn2+, and Ni2+) by selecting 

different preparation methods and adjusting reaction 

process. Then, they were mechanically dispersed into 

base grease and their tribological properties were 

evaluated by a ball-on-disk tester under the same 

experimental conditions. As comparing different 

features of LDH additives and observing the wear con-

dition after friction test, the chemical composition and 

microstructure in contact area were analyzed. Finally, 

lubrication mechanism of LDHs in base grease was 

proposed and the guidance for selecting appropriate 

additives in future applications was provided. 

2 Materials and methods 

2.1 Preparation  

A coprecipitation method was adopted to prepare 

the LDHs with various morphologies and chemical 

compositions. The morphology of LDHs can be 

controlled by adjusting the pH of solution in the 

crystallization state. The “flower-like” LDHs were 

prepared as follows: 50 mL aqueous solution containing 

0.0375 mol Mg(NO3)2 and 0.0125 mol Al(NO3)3 was 

added dropwise to another 50 mL aqueous solution 

containing 0.025 mol of Na2CO3. At the same time, the 

pH of reaction solution was controlled at about 10 using 

4 mol/L NaOH aqueous solution. The resulting mixed 

solution was kept under magnetic stirring at room 

temperature for 12 hours. The synthesis process of 

the LDHs sample which tends to be “spherical” was 

similar to the above reaction process, except that the 

pH of reaction solution maintained at about 12. The 

“plate-like” LDHs sample need to crystallize in a 

hydrothermal reactor at 150 °C for three days after 

the initial solution of “spherical” sample was prepared, 

instead of magnetic stirring at room temperature. After 

three samples were prepared, they were washed with 

deionized water to keep the final product at pH 7, and 

finally dried at 100 °C for 12 hours to obtain powder 

samples. A variety of LDHs with different metal 

divalent ions were prepared as follows: a 100 mL 

aqueous solution containing 0.05 mol of Mg(NO3)2 

(Ni(NO3)2, Co(NO3)2, or Zn(NO3)2) and 0.025 mol  

of Al(NO3)3 was prepared and added dropwise to a 

100 mL aqueous solution containing 0.05 mol of Na2CO3. 

Subsequently, the pH was controlled at 10 using  

3.4 mol/L NaOH aqueous solution. Then, the obtained 

liquid was kept under magnetic stirring at room 

temperature for 24 hours. The reaction product was 

washed and finally dried at 100 °C for 12 hours. The 

graphene oxide nanosheets (GONS) with the lateral 

dimension of 0.5–5 μm and the thickness of 0.8–1.2 nm 

were purchased from Nanjing XFNANO Materials 

Tech Co., Ltd. 

2.2 Characterization of LDHs 

A Bruker D8 Advance diffractometer was used to 

obtain the dry powder X-ray diffraction (XRD) pattern 
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in reflection mode (Cu Kα radiation, λ=1.54 Å) over a 

2θ range of 3°–70°. TEM and SEM were utilized to 

ascertain the morphology and size of LDHs. The TEM 

images of LDHs were obtained using a JEM 2010 

microscope at an accelerating voltage of 120 kV. The 

SEM images were obtained by a cold field emission 

SEM (HITACHI, SU8220). LDH samples were 

ultrasonically dispersed in water; then the aqueous 

suspension was dropped on carbon films for TEM or 

fresh silicon for SEM, and dried at 80 °C for 10 hours in 

air. Quadrasorb SI (Quantachrome) was used to obtain 

N2 isotherms of LDHs at –196 °C. The specific surface 

area (SSA) was calculated by Brunauer–Emmett–Teller 

(BET) method. The thermogravimetric analysis (TGA) 

of LDH nanosheets was conducted by NETZSCH STA 

449F3 under nitrogen from 30 to 800 °C at a heating 

rate of 10 °C·min−1. 

2.3 Tribological experiments and evaluation 

The base grease Mobil MP (150 cSt at 40 °C, drop point 

180 °C), which mainly consisted of lithium hydro-

xystearate, was selected. The above as-prepared 

powder samples were evenly dispersed to the base 

grease in a ratio of 1 wt% by a grinder, as shown in 

Fig. 1, for the following tribological test. A ball-on-disk 

SRV4 tribometer (Optimal, Germany) in reciprocating 

mode was used to conduct tribological tests at 80 °C 

with the applied load of 150 N (which corresponded 

to a maximum Hertz contact pressure of 2.47 GPa), 

stroke of 2 mm and reciprocating frequency of 50 Hz 

for 1 hour (a total sliding distance of 720 m). The room  

 

Fig. 1 Schematic diagram of grinder and the dispersion effect 
of LDH powder in grease. 

humidity was 30% RH. A running-in process at 50 N 

was employed for 30 seconds in the beginning of each 

test. Both balls (10 mm in diameter, surface roughness 

Sa 8.4 nm) and disks (polished, surface roughness Sa 

7.6 nm) for tribological test were made of AISI 52100 

bearing steel and all ultrasonically washed with 

petroleum ether, acetone and ethanol, respectively. The 

sliding solid surfaces after friction test were examined 

by a 3D optical surface profiler (Zygo Nexview), SEM 

(HITACHI, SU8220) and analyzed by energy dispersive 

X-ray spectrometer (Bruker, QUANTAX FlatQUAD). 

The differential scanning calorimetry (DSC) of grease 

samples was conducted by NETZSCH STA 449F3 in 

air from 50 to 500 °C at a heating rate of 5 °C·min−1. 

3 Results and discussion 

Since the metal ions of LDHs in the laminate with 

positive charge were replaceable, the tribological 

properties of LDHs with different chemical com-

position can be explored to provide a guidance for 

the selection of such materials. Here, four submicron 

LDH samples were prepared using the same copre-

cipitation method but the types of divalent metal 

cations were different, including zinc aluminum (ZnAl), 

magnesium aluminum (MgAl), nickel aluminum (NiAl), 

and cobalt aluminum (CoAl). The morphology and 

crystal structure of these LDH samples can be 

determined by their SEM images and XRD patterns 

shown in Figs. 2(a) and 2(b). From the SEM image in 

Fig. 2(a), it can be found that all these samples exhibited 

a two-dimensional sheet morphology, and the lateral 

dimension was in the range of 50 to 140 nm by 

measurement. Besides, the XRD analysis was performed 

on all powder samples, and each pattern is shown in 

Fig. 2(b). It can be found that the characteristic peaks 

of these samples were quite similar and all corre-

sponded to the typically hexagonal phase of LDH 

crystal structure. Among them, the peaks of ZnAl–LDH 

were the sharpest and thus its crystal structure was 

considered as the most complete one. After these LDHs 

were dispersed using the same method, the tribological 

properties of these samples were evaluated and the 

relevant results were recorded. The COF curves with 

time of five grease samples are shown in Figs. 2(c) 

and 2(d). With the addition of LDH samples with 
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different chemical compositions to the base grease, 

the COF got slightly lower than that of the base grease 

in Fig. 2(c). Among them, the lowest COF value on 

average was the NiAl–LDH sample (about 0.125), 

which was about 16.7% lower than the average COF 

of the base grease (0.151). Besides, other three kinds of 

LDHs with different chemical compositions (ZnAl–, 

MgAl– and CoAl–LDHs) showed a certain effect on 

the reduction of friction but no big difference as com-

pared with each other. Subsequently, the wear scar of 

ball after friction test was cleaned and measured. 

The statistical result in Fig. 2(d) indicated that the 

anti-wear properties of the grease with these four 

LDH samples were obviously improved as compared 

with that of base grease. As compared with each other, 

it was found that those properties of wear resistance 

were quite similar. Among them, the dimension of 

the wear scar tested with the additive of NiAl–LDH 

was the smallest one, which was only about 30% of 

that tested by the base grease. Moreover, the wear 

volume of ball was only about 1% of that tested by 

the base grease. It can be summarized that the simple 

adjustment of chemical composition of LDHs as 

lubricant additives in base grease showed no big 

difference on the tribological performance. 

In addition, varieties LDHs with quite different 

morphology but similar chemical composition can be 

obtained by adjusting the reaction condition in synthesis 

process, thus the influence of topographical variations 

of LDHs as lubricant additives on the tribological 

performance deserves to be further investigated. 

According to the previous results, various divalent 

metal ions of additives showed nearly no big difference 

on the tribological performance in this lubrication 

system. Meanwhile, it is generally believed that the 

morphology of MgAl–LDHs is much easily controllable 

and prepared, as compared to the other compositions 

of LDHs.  

Here, the morphology and crystal structure of three 

different MgAl–LDH samples can be determined by 

their SEM images and XRD patterns shown in Fig. 3. 

The “plate-like” LDHs shown in Fig. 3(a) showed a 

remarkable two-dimensional morphology; the LDH 

platelets in Fig. 3(b) were clustered together to show the 

“flower-like” morphology and their lateral dimension 

was significantly large; the size of LDHs in Fig. 3(c) 

was relatively small and the (110) crystal plane failed 

to sufficiently grow, so that the “spherical” sample 

exhibited a zero-dimensional morphology. The XRD 

patterns of three powder samples in Fig. 3(d) all showed 

 

Fig. 2 (a) SEM images and (b) XRD patterns of ZnAl–, MgAl–, NiAl– and CoAl–LDHs. (c) Friction coefficient and (d) wear condition
of base grease and those with 1 wt% LDHs. 
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characteristic structure of LDHs with hexagonal 

phase, while the sharpest characteristic peaks of the 

“plate-like” LDH, obtained with hydrothermal process, 

indicated its best crystallinity. 

Three MgAl–LDHs with flower-like, spherical and 

plate-like morphology were dispersed in base grease 

in a ratio of 1 wt% for friction test. The friction 

coefficient (COF) curves with time of four lubricant 

samples was shown in Fig. 4(a). With the addition of 

LDHs, the friction coefficient generally got lower than 

that of base grease. Among these three LDH samples, 

the lowest average friction coefficient obtained with 

flower-like sample was about 0.125 and kept quite  

stable; the COF of spherical sample maintained at   

a low level after short running-in period; the COF  

of plate-like sample however took relatively longer 

running-in time to stabilize at low value. In terms  

of anti-wear properties, the diameter and surface 

topography of wear scars after test were analyzed and 

compared in Fig. 4(b). The wear resistance of sliding 

solid surfaces, lubricated with the addition of LDHs in 

grease, all got obviously improved to varying degrees 

as compared with that lubricated by base grease. 

Among them, the flower-like LDH sample showed 

the greatest improvement in anti-wear performance, 

where the wear scar diameter of the ball was about 

27% and the wear volume was only about 0.2% of that 

lubricated by base grease. 

Here, the lubricant mechanism of LDH additives 

with different morphology is investigated. Considering 

 

Fig. 4 (a) Friction coefficient and (b) wear condition of 1 wt% 
MgAl–LDHs with different morphology (flower-like, spherical, 
and plate-like) in base grease. 

 

Fig. 3 SEM images of MgAl–LDHs with (a) plate-like, (b) flower-like, and (c) spherical morphology; (d) XRD patterns of these LDHs.
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that the chemical composition of these LDHs was 

almost the same, the specific surface area (SSA) of 

them was calculated, according to the N2 isotherms in 

Fig. 5(a), and compared to determine their difference 

in microstructure. The measurement results indicated 

the highest SSA (139 m2/g) of the LDH with flower- 

like microstructure but the relatively low value of 

spherical (99 m2/g) and plate-like (16 m2/g) sample. 

Through observing the TEM image of flower-like 

LDH in Fig. 5(b), ultrathin laminates and loose micro-

structures were further confirmed directly. Therefore, 

it is reasonable to indicate that the LDH sample with 

both higher SSA and larger lateral dimension will 

take a better lubricating effect in base grease because 

of their much more rapid and efficient combination 

with the substrate to protect the sliding surfaces from 

severe wear condition.  

In order to investigate the lubricating effects of LDHs 

as lubricant additives on the contact area during the 

sliding process, the element distribution in wear track 

was detected by SEM after friction test. As shown in 

Fig. 6, the morphology and element distribution of the  

 

Fig. 5 (a) N2 isotherms of LDHs with different morphology at 
standard temperature and pressure; (b) TEM image of flower-like 
LDH sample. 

 

Fig. 6 (a) SEM image and (b) oxygen distribution of wear track 
lubricated by base grease. 

wear track lubricated by base grease were observed 

at first. The result showed that the oxygen content in 

the wear track was significantly higher than that of the 

substrate after friction test, thus it can be considered 

that significant oxidation occurred on the contact 

surfaces due to violent collision between asperities of 

solid surfaces. 

After that, the element distribution of wear scar 

lubricated by 1 wt% flower-like MgAl–LDHs was 

analyzed and is shown in Fig. 7 to demonstrate the 

lubricating effect of LDHs on the sliding surfaces. It 

can be easily found that the elements magnesium and 

aluminum were concentrated in the transition region 

between the wear scar and steel substrate, which  

was quite similar to the distribution of Hertz contact 

pressure. In addition, the oxidation degree of sliding 

solid surfaces was obviously decreased in the central 

region, where the lubricating film thickness was 

minimum [26]. It was indicated that the violent rubbing 

process constantly renewed sliding solid surfaces in 

the central region, which were so difficult to fully 

involve in the tribochemical reaction. Meanwhile, the 

LDH nanosheets as additives were able to avoid direct 

collision of asperities in the sliding process. Thus, a 

relatively complete tribofilm, rich in magnesium and 
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aluminum elements, was mainly formed on the area 

of sliding solid surfaces with relatively low contact 

pressure. In addition, considering the importance of 

thermostability and oxidation resistance of grease for 

practical applications, the thermogravimetric analysis 

(TGA) of flower-like LDH nanosheets and differential 

scanning calorimetry (DSC) of as-prepared grease 

sample were conducted. As shown in Fig. S1 in the 

Electronic Supplementary Material (ESM), the weight 

loss in the first region (30–231 °C) can be attributed to  

the loss of water molecules adsorbed on the surface 

and among the interlayer of laminates, which will not 

significantly influence their crystal structure. However, 

the hydroxyl among the interlayer will be gradually 

decomposed in the second region (231–800 °C) of 

weight loss and then the layered structure will be 

completely destroyed [20]. As the dehydration tem-

perature of 182 °C is relatively higher than the drop 

point (180 °C) of base grease, the grease sample with 

LDH additives is considered to be stably applied in the 

practical condition, where the applicable temperature 

is commonly 20–30 °C below the drop point. The 

differential scanning calorimetry (DSC) of base grease 

and as-prepared grease sample with 1 wt% flower-like 

LDH was conducted in air and the result in Fig. S2 in 

the ESM shows that the exothermic peaks of these 

two grease samples are quite similar during heating 

process. It indicates that the oxidation resistance of 

grease will not be significantly influenced with LDH 

additives. Moreover, in order to compare with the 

commonly used two-dimensional additives, 1 wt% 

graphene oxide nanosheets (GONS) with the lateral 

dimension of 0.5–5 μm and the thickness of 0.8–1.2 nm, 

were dispersed into the base grease. Then, the friction 

test with 1 wt% GONS sample was conducted under 

the same applied conditions. As shown in Fig. S3 in 

the ESM, both COF value and wear condition were 

recorded, which demonstrated that GONS exhibited 

good tribological properties as lubricant additives. 

However, the additive sample with best friction per-

formance and wear resistance is the flower-like LDH, 

whose COF value was relatively low and its wear 

volume was only 20.96% of that lubricated by 1 wt% 

GONS sample. Thus, as a short conclusion, the 

tribological properties can be improved with MgAl– 

LDH additives with various morphologies in base 

grease, and the flower-like sample with high SSA and 

large lateral dimension performed best. 

The high magnification SEM images of wear tracks 

after friction tests were obtained and shown in Figs. 8(a) 

and 8(b) to further compare the microscopic topography 

in the sliding area with the addition of LDH in base  

 

Fig. 7 (a) SEM image and (b) oxygen, (c) magnesium and (d) aluminum distribution of wear track lubricated by 1 wt% flower-like 
LDH in base grease. 
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grease. Since the friction process usually occurred in 

the air and the temperature in the contact area increased 

rapidly, which tended to rapidly oxidize the sliding 

steel surface and cause obvious adhesive effect. For 

the wear track lubricated by base grease, a significant 

adhesive wear can be found in Fig. 8(a), where the 

plastic deformation caused by the interaction between 

directly contacting asperities resulted in high friction 

coefficient and severe wear condition. However, with 

a small amount of flower-like LDH additives, the 

microstructure of sliding surfaces in the contact area 

became quite dense and uniform (see Fig. 8(b)), which 

weakened the plastic deformation and facilitated 

reducing the friction coefficient during the rubbing 

process [21].  

Here, it is quite necessary to estimate the film 

thickness in contact area so as to evaluate the tribological 

behavior of LDH additives in base grease. According 

to the Hamrock−Dowson theory, the minimum film 

thickness can be calculated by the formula [3, 27]: 

0.68 0.49
0.68

min 0.073
3.63 (1 e )kU G R

h
W

   

where   /U V E R ,  G E ,  2/W F E R , R was the 

radius of the ball (5 mm), V (~200 mm/s) was the 

relative velocity of sliding surface, E' was the effective 

modulus of elasticity (the elastic modulus E of solid 

surfaces was 206 GPa with the Poisson’s ratio v of 

0.3), F (150 N) was the normal load, and k (~1) was the 

ellipticity, η (~20 cP at 80 °C) was the shear viscosity 

of fluid, α (~15 GPa−1) [3] was the viscosity-pressure 

coefficient. 

Here, the minimum film thickness was calculated 

to be ~30 nm, which was much thinner as compared 

to the dimension of flower-like LDH sample, so that 

its microstructure was considered to be damaged and 

exfoliated to nanosheets during the sliding process. 

According to all experimental results, it was easily 

found that the flower-like LDH additives with high SSA 

and large lateral dimension showed best tribological 

properties in base grease. As illustrated in Fig. 8(c), 

the schematic lubrication model was proposed. The 

remarkable microscopic fold structure was initially 

destroyed under high contact pressure (up to 2.47 GPa) 

during the collision of approaching asperities, and 

meanwhile a large amount of ultrathin LDH nanosheets 

 

Fig. 8 High magnification SEM images of wear track lubricated by (a) base grease and (b) 1 wt% flower-like MgAl–LDH in base 
grease. (c) Schematic illustration of the proposed lubrication model with flower-like LDH additives in base grease. 
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were generated. To some extent, the probability of 

direct contact between LDH nanosheets and sliding 

solid surfaces was highly increased. The ultrathin 

LDH nanosheets physically prevented direct collision 

of asperities in the central region of contact area 

during the violent rubbing process. On the other hand, 

a relatively dense protective tribofilm with enhanced 

mechanical property was formed by the occurrence 

of tribochemical reaction between LDH additives and 

sliding solid surfaces, which greatly improved the 

wear resistance of contact surfaces. 

4  Conclusions 

In this paper, three types of MgAl-LDHs with different 

topographical features and four kinds of samples with 

different chemical compositions of divalent cations 

were prepared. Then, their tribological properties 

were evaluated and compared. It was found that the 

variation of morphology, rather than the chemical 

composition, had great influence on the tribological 

performance. The flower-like LDH sample with high 

specific surface area and ultrathin laminates were 

demonstrated to exhibit the best tribological properties. 

Under the same experimental conditions, the wear 

volume was only about 0.2% of that lubricated by base 

grease. By observing and analyzing the wear track 

after friction test, the tribofilm formed with unique 

microscopic structure and chemical composition derived 

from LDH additives was conducive to effectively 

improving tribological properties of the lubrication 

system. 
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