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C a r b o n fi b er r ei nf or c e d p ol y m eri c c o m p o sit e s ( C F R P s) ar e pr o n e t o d el a mi n ati o n d u e t o i n s uf fi ci e nt i nt erf a ci al 

pr o p erti e s. S e v er al r e m e di e s w er e c arri e d o ut t o e n h a n c e t h e fi b er / m atri x i nt erf a c e s vi a c h e mi c al tr e at m e nt s or 

utili zi n g stiff er n a n o m at eri al s at t h e i nt erf a c e. H o w e v er, s o m e of t h e s e tr e at m e nt s ar e d e str u cti v e i n n at ur e a n d 

ot h er s  ar e  n o n- s c al a bl e.  T hi s  i n v e sti g ati o n  c orr o b or at e s  a  n o v el  m et h o d ol o g y  f or  d e v el o pi n g  h y bri d  r e -

i nf or c e m e nt s t h at c o m pri s e c ar b o n fi b er s a n d m et al or g a ni c fr a m e w or k s ( M O F s). T h e gr o wt h of M O F s i s s c al a bl e, 

n o n- d e str u cti v e  t o  t h e  fi b er s,  a n d  e a sil y  t ail or a bl e  t o  c o ntr ol  t h e  p or o u s  m or p h ol o gi e s  of  t h e  M O F s  at  t h e 

i nt erf a c e. F urt h er m or e, t h e st u d y d e m o n str at e s t h e f e a si bilit y of utili zi n g t h e M O F s a s a c at al y st t o gr o w c ar b o n 

n a n ot u b e s ( C N T s) o n t h e c ar b o n fi b er s. T h e mi cr o str u ct ur e of t h e M O F s w a s e x a mi n e d vi a mi cr o s c o p y, R a m a n 

a n al y si s, wi d e- a n gl e X- R a y s c att eri n g ( W A X S), a n d F o uri er-tr a n sf or m i nfr ar e d s p e ctr o s c o p y ( F TI R). T h e eff e ct s of 

t h e M O F s o n t h e fi b er t h er m al st a bilit y w a s pr o b e d u si n g t h er m o gr a vi m etri c a n al y si s ( T G A), w hil e c o nt a ct a n gl e 

a n al y si s  w a s  e m pl o y e d  t o  pr o b e  t h e  eff e ct  of  t h e  diff er e nt  s urf a c e  m o di fi c ati o n s  o n  t h e  fi b er s  h y dr o p hili cit y. 

S e v er al m e c h a ni c al c h ar a ct eri z ati o n s i n cl u di n g t e n sil e, d y n a mi c m e c h a ni c al a n al y si s ( D M A) a n d s h e ar l a p j oi nt 

w er e c arri e d o ut t o di s c er n t h e eff e ct s of t h e M O F s o n t h e c o m p o sit e str u ct ur al p erf or m a n c e. S e v er al i m pr o v e -

m e nt s  e m a n at e d fr o m  t h e  M O F s  pl a c e m e nt  o n  t h e  i nt erf a c e  i n cl u di n g  i m pr o vi n g  t h e  str e n gt h,  e n h a n ci n g  t h e 

d a m pi n g p ar a m et er b y 5 0 0 %, i n cr e a si n g t h e gl a s s tr a n siti o n t e m p er at ur e of t h e c o m p o sit e b y 2 0 ◦ C a n d all e -

vi ati n g t h e s h e ar l a p j oi nt str e n gt h b y 4 0 %.   

1. I nt r o d u cti o n 

C ar b o n fi b er r ei nf or c e d p ol y m eri c c o m p o sit e s ( C F R P s) h a v e f o u n d 

n u m er o u s a p pli c ati o n s i n a pl et h or a of i n d u stri e s s p a n ni n g fr o m a er o -

s p a c e  t o  s p orti n g  g o o d s  d u e  t o  t h eir  s u p eri or  str u ct ur al  p erf or m a n c e, 

li g ht w ei g ht, a n d e a s e of m a n uf a ct uri n g. T h e a d diti o n of t h e c ar b o n fi-

b er s  t o  t h er m o s et s  or  t h er m o pl a sti c  m atri c e s  e n a bl e s  a  s p e ctr u m  of 

pr o p erti e s t h at c a pit ali z e o n t h e fi b er s ’ el e v at e d str e n gt h a n d stiff n e s s, 

a n d t h e m atri x t o u g h n e s s a n d d u ctilit y. H o w e v er, t hi s filli n g pr o c e s s al s o 

i ntr o d u c e s n e w i nt erf a c e s b et w e e n t h e t w o c o n stit u e nt s, w hi c h c arr y a 

pr of o u n d i m p a ct o n t h e c o m p o sit e p erf or m a n c e a n d pr o p erti e s [ 1 ]. T h e 

i nt erf a c e c a n b e t h o u g ht of a s a s h ar e d g e o m etri c s urf a c e b et w e e n t h e 

fi b er  a n d  t h e  m atri x,  w h o s e  m ai n  p ur p o s e  i s  t o  e st a bli s h  s uf fi ci e nt 

b o n di n g b et w e e n t h e t w o c o n stit u e nt s s u c h t h at t h e l o a d c a n tr a n sf er 

ef fi ci e ntl y fr o m t h e m atri x t o t h e fi b er. T h e i nt erf a c e i s oft e n c o n si d er e d 

a s a s e p ar at e p h a s e b y it s elf wit h pr o p erti e s diff er e nt fr o m t h o s e of t h e 

fi b er  a n d  t h e  m atri x.  H e n c e,  s o m eti m e s  it  i s  c all e d “ i nt er p h a s e” [ 2 ]. 

T h or o u g h r e vi e w s t o st u d y t h e c h e mi c al c o m p o siti o n a n d t h e pr o p erti e s 

of t h e i nt erf a c e s i n C F R P s ar e a v ail a bl e [ 2 – 6 ]. It w a s d et er mi n e d t h at t h e 

s m o ot h s urf a c e s a n d l o w c h e mi c al a cti v ati o n of u ntr e at e d c ar b o n fi b er s 

r e s ult  i n  i n a d e q u at e  i nt erf a ci al  str e n gt h  i n  t h e  c o m p o sit e,  w hi c h  pr o -

p ell e d t h e n e e d f or s urf a c e tr e at m e nt of t h e c ar b o n fi b er s. S o m e of t h e 

r e m e di e s a p pli e d t o t h e c ar b o n fi b er s t o e n h a n c e t h e i nt erf a c e a d h e si o n 

i n cl u d e a ci d tr e at m e nt s [7 ,8 ], c o ntr oll e d a n o di c o xi d ati o n [ 9 ,1 0 ], a n d 

pl a c e m e nt of n a n o p h a s e s o n t h e fi b er s urf a c e [ 1 1 – 1 4 ]. F u et al. [ 1 0 ], 

r e p ort e d si g ni fi c a nt i m pr o v e m e nt s o n t h e i nt erl a mi n ar s h e ar str e n gt h of 

c ar b o n fi b er c o m p o sit e s u p o n tr e ati n g t h e m vi a a ci d o xi d ati o n, f oll o w e d 

b y  el e ctr o c h e mi c al  gr afti n g  of  di et h yl e n etri a mi n e  ( D E T A).  Y a o  et  al. 

[ 1 4 ]  utili z e d  c h e mi c al  v a p or  d e p o siti o n  ( C V D)  t o  gr o w  c ar b o n  n a n o -

t u b e s  ( C N T s)  o n  c ar b o n  fi b er s,  a n d  r e p ort e d  a  3 0. 7 3 %  a n d  3 2. 2 9 % 

i m pr o v e m e nt  i n  t h e  i nt erf a ci al  s h e ar  str e n gt h  a n d  i nt erl a mi n ar  s h e ar 

str e n gt h,  r e s p e cti v el y,  of  t h eir  d eri v e d  c o m p o sit e s.  H o w e v er,  ot h er 

st u di e s s u g g e st e d t h at gr o wi n g C N T s vi a C V D, t h e el e v at e d t e m p er at ur e s 

i n t h e r e a ct or d e gr a d e d t h e t e n sil e str e n gt h si g ni fi c a ntl y [1 5 ]. I d e nti -

c all y, s o m e i n v e sti g ati o n s r e p ort e d t h at t h e t e n sil e pr o p erti e s of c o m -

p o sit e s  b a s e d  o n  c ar b o n  fi b er s  wit h  h y dr ot h er m all y  gr o w n  Z n O 

*  C orr e s p o n di n g a ut h or. 
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nanowires could affect the strength and stiffness negatively due to un
recovered moisture absorption [13]. 

In lieu of CNTs and ceramic nanowires growth on the carbon fibers, 
recent investigations advocated the metallization of carbon fibers. There 
are several techniques for metal deposition on different substrates, 
including CVD, magnetron sputtering, and via deposition of metal 
organic framework (MOFs). CVD is the most utilized technique for 
metalizing carbon fibers to be used as reinforcements in metal matrix 
composites. Abidin et al. [16], utilized CVD with a mixture of TiCl4, N2 
and H2 gases to deposit titanium nitride on carbon fiber textile, prior to 
embedding this hybrid reinforcement in aluminium matrix. The 
magnetron sputtering, also referred to as physical vapor deposition 
(PVD), entails deposition of nanometres-thick metallic films via creating 
a gaseous plasma, and accelerating its ions into a metal target, upon 
which the target will erode and eject clusters of atoms that are deposited 
on the carbon fibers. This technique was mostly utilized for the depo
sition of the catalytic metals needed to grow CNTs on the surface of 
carbon fibers, such as nickel [17 19]. Both CVD and PVD lack the 
scalability required for CFRPs, due to the limited sample size and the 
need for high vacuum or elevated temperatures. 

A metal organics framework (MOF) is a three-dimensional structure 
that comprises metal ions coordinated to organic ligands. These struc
tures are very porous with large surface area [20]. The utilization of 
MOFs with carbon materials was mostly for non-structural applications 
such as catalysis, gas adsorption or enhanced transport properties. For 
example, Tran et al. [21], formed a porous catalyst that comprised of 
CNTs and metal organic frameworks (MOFs) for the detection of urea, 
while Yan et al. [22], utilized graphene coated with MOFs as an effective 
water splitting electro-catalyst. Bhoria et al. [23], utilized copper-based 
MOF hybridized with graphene oxide for adsorption of toxic H2S gas and 
observed 27% improvement in the adsorption capacity, over that for 
neat graphene oxide. 

The use of MOFs with both porous and nano carbon materials is very 
diverse. Kim eta l., [24], synthesized porous carbon via simple pyrolysis 
of zinc- MOFs toward CO2 capture and found that its capacity is far 
better than that based on pristine MOFs. Identically, MOFs/nanocarbons 
were also utilized for hydrogen storage [25]. Liu et al., carbonized 
Al-based MOFs toward preparing carbon nanosheets for super capacitors 
[26]. Identical use of MOFs and nano-porous carbon in supercapacitors 
were reported by several research groups [27,28]. Porous carbon 
nanofibers were fabricated using MOFs as hybrids by electrospinning 
and calcination [29]. These hybrids were implemented in lithium-ion 
batteries yielding superior capacity and charging rate due to the fast 
ion/electron path and huge contact surfaces furnished by the porous 
nanofibers. Lithium-suffer batteries also benefited from combinations of 
MOFs and nano-porous carbons [30]. 

In lieu of ceramic or carbonaceous interfacial nano species, in this 
investigation we utilized MOFs to modify the surface of structural car
bon fibers toward amplifying the interfacial properties of CFRPs. Also, 
we probed utilizing the nickel-based MOFs as catalyst to grow CNTs on 
the carbon fibers. Different mechanical and microstructural techniques 
were implemented to reveal the performance and the microstructure of 
these surface treatments on the derivative composites. 

2. Materials and experimental methods 

The carbon fibers utilized were unsized, plain woven, structural, 
polyacrylonitrile (PAN) grade, Thornel-650 (Cytec, Inc.), with 3k bun
dles. To allow the formation of active cites (-COOH), the fibers were cut 
into 6 6 squares and were treated in a diluted mix (2:1) of de-ionized 
(DI) water/HNO3 acid for 24 h. The fibers were rinsed thoroughly with 
DI water till a pH of 7.0 was achieved, followed by drying in an oven at 
100 C for 24 h. 

To prepare the MOFs growth mixture, one solution was made by 
dissolving the metal ion source; nickel nitrate hexahydrates (Ni 
(NO3)2 6H2O, Sigma Aldrich Co.) in 100 mL of methanol to yield a 0.65 

M concentration. The ligands solution was made by dissolving 2-methyl
imidazole (C4H6N2, Sigma Aldrich Co) in 100 mL of methanol: 0.14 M 
concentration. Each solution was magnetically stirred, separately, at 
400 rpm for 6 h, then the two solutions were magnetically stirred 
together for 10 min. A single carbon fiber cloth was immersed in the 
solution for 24 h, while suspended, to allow MOFs deposition on both 
surfaces. The carbon fiber cloth was removed from the solution and 
washed repeatedly with methanol then left to dry in an oven at 100 C 
for 24 h. 

While the focus of this study is on the MOFs effects on the interface, 
we extended the experiments to examine the feasibility of the nickel- 
based MOF as a catalyst to grow CNTs; as an alternative to PVD depo
sition of the catalyst in other investigations [17 19]. The CNTs growth 
was performed inside a quartz tube reactor, outfitted with a thermal 
controller and three-input gas (N2, C2H2 and H2) mass flow controllers 
(MKS Co.). The process begins with a reduction step to remove excessive 
oxides from the MOFs by flowing H2/N2 gas mixture atmosphere at 
550 C for 2 h. Then, the tube reactor is flushed with N2 gas to get rid of 
any residuals of the previous step. Subsequently, the CNTs growth step 
begins, maintaining the constant temperature of 550 C, for 30 min 
under a balanced C2H4/H2/N2 environment. 

Raman spectroscopy analysis of the modified fibers was carried out 
utilizing PeakSeekerPro (Raman Systems, Inc), with excitation wave
length of 532 nm and laser power of 100 W. The microstructures and 
morphologies of the carbon fibers with different surface treatments were 
characterized utilizing scanning electron microscopy (SEM, FEI Quanta 
650, Thermo Fisher Scientific Co.) equipped with energy-dispersive X- 
ray spectroscopy (EDS) detector (Bruker, Inc.) A Zeiss Gemini 500 
scanning transmission electron microscope (STEM) was utilized to 
further investigate the MOFs pre and post reduction to examine the size 
and elemental composition of the particles utilized as catalyst to grow 
the CNTs. 

To examine the effect of the different processes on the surface of the 
carbon fibres, wide-angle X-ray diffraction (WAXD) was performed 
using a Xeuss 3.0 (Xenocs Inc.) The X-ray wavelength was 1.54 Å, the 
sample-to-detector distance was 55 mm, and the exposure time was 1 h. 
Samples were taped directly to a sample holder such that no substrate or 
capillary was needed. A Pilatus3 300k detector was used to collect 
scattered X-rays. Two-dimensional scattering patterns were analysed 
using the Datasqueeze software [31]. To obtain the 1D scattering curves, 
all 2D scattering patterns were integrated over a 90 wedge parallel to 
the fiber axis. Scattering perpendicular to the fiber axis was excluded 
from the integration. 

The presence of functional groups on the different fibers configura
tions was studied using Fourier transform infrared spectroscopy (FTIR, 
Nicolet 380) at wavelengths of 600 4000 cm 1 using the attenuated 
total reflection (ATR) module. 

The thermal stability of the different fibers configurations were 
examined using TA Q500 thermogravimetric analyzer (TGA). Single tow 
weighing around 7.5 mg of each fiber type was cut and placed inside the 
TGA platinum pan. The analyzer was programmed to ramp from RT to 
850 C at 20 C/min under nitrogen environment. 

To examine the effects of the different surface treatments on the 
wettability of the carbon fibers, contact angle measurements were car
ried out using the Attention Theta optical tensiometer (Biolin Scientific 
Co.) As the instrument optical zoom is limited and does not support 
measurement of the angle of contact for a single fiber, we implemented 
the procedures carried by Wang et al. [32] to measure the wettability of 
carbon fibers bundles at mesoscale. For each fiber s configuration, a tow 
was slowly soaked in DI water for 100 s to ensure the external meniscus 
around the tow reached a static configuration. A digital camera captured 
images of the external contact angle and the variation of the tow 
diameter. 

Four different composites were fabricated based on the (i) reference 
fibers, (ii) acid-treated fibers, (iii) MOFs modified fibers, and (iv) fibers 
with surface grown CNTs. Each composite comprised two plies adhered 
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Fi g. 1. S c a n ni n g el e ctr o n mi cr o s c o p y ( S E M) mi cr o gr a p h s of T 6 5 0 c ar b o n fi b er s wit h diff er e nt s urf a c e tr e at m e nt s ( a) r ef er e n c e d e- si z e d fi b er s, ( b) a ci d tr e at e d, ( c) 

M O F s gr o wt h wit h c o n c e ntr ati o n of 0. 6 5 M, ( d) M O F s gr o wt h wit h c o n c e ntr ati o n of 0. 3 3 M, ( e) C N T s gr o wt h b a s e d o n t h e fi b er s wit h 0. 6 5 M M O F s c o n c e ntr ati o n, 

a n d (f) C N T s gr o wt h b a s e d o n t h e fi b er s wit h 0. 3 3 M O F s c o n c e ntr ati o n. 
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b y  a n  e p o x y  m atri x;  E p o n  8 6 2 ™ ;  ( Di gl y ci d yl  Et h er  of  Bi s p h e n ol- F 

( Mill er  St e p h e n s o n,  C o.)  T hi s  r e si n  i s  utili z e d  f or  str u ct ur al  a p pli c a -

ti o n s wit h a hi g h vi s c o sit y of 2 5 0 0– 4 5 0 0 c P s at 2 5 ◦ C. T h e c u ri n g a g e nt 

s y st e m  i s  E pi k ur e  - W ™ ;  a n  ar o m ati c  a mi n e  ( Mill er  St e p h e n s o n,  C o.) 

wit h r o o m t e m p er at ur e vi s c o sit y of 1 0 0 – 3 0 0 c P s. W h e n b ot h t h e r e si n 

a n d h ar d e n er ar e mi x e d i n a r ati o of 1 0 0: 2 6. 4 b y w ei g ht, a vi s c o sit y of 

2 1 0 0 – 2 3 0 0 c P s a n d a g elli n g t e m p er at ur e of 1 7 7 ◦ C w e r e r e p o rt e d b y t h e 

m a n uf a ct ur er.  T h e  h a n d-l a y u p  m et h o d  w a s  e m pl o y e d  f or  l a mi n ati o n. 

F or e a c h fi b er c o n fi g ur ati o n t w o- pli e s l a mi n a e w er e i m pr e g n at e d wit h 

e p o x y, wit h fi b er t o e p o x y wi g ht r ati o of 6 0: 4 0, w er e s e al e d i n a v a c u u m 

b a g.  T h e  v a c u u m  b a g  c o nt ai ni n g  t h e  f o ur  c o m p o sit e s  l a mi n at e s  w a s 

pl a c e d  i n si d e  a n  a er o s p a c e  gr a d e  a ut o cl a v e  ( E c o n o cl a v e,  A S C  C o.)  A 

v a c u u m of 2 5 t orr w a s m ai nt ai n e d i n si d e t h e v a c u u m b a g t hr o u g h o ut 

t h e  c uri n g  pr o c e s s.  B y  fi o wi n g  N2 i n  t h e  a ut o cl a v e  c h a m b er  vi a  t w o- 

st a g e  r e g ul at or s,  a  pr e s s ur e  of  7 0  p si  w a s  o bt ai n e d.  T h e  a ut o cl a v e 

c y cl e h a d f o ur s e g m e nt s: I s ot h er m al st e p f or 1. 0 h at 2 5 ◦ C, h e ati n g t o 

1 7 7 ◦ C, i s ot h e r m al st e p f or 2. 5 h at 1 7 7 ◦ C, a n d fi n all y c o oli n g d o w n t o 

r o o m t e m p er at ur e. 

Diff er e nt  c o m p o sit e s  c o u p o n s  w er e  pr e p ar e d  f or  t e n sil e,  d a m pi n g 

a n d s h e ar l a p t e st s. F or t e n sil e t e sti n g, c o u p o n s of 1 2. 5 0 × 1. 2 5 c m w er e 

pr e p ar e d  a n d t e st e d f oll o wi n g t h e A S T M st a n d ar d D 3 0 3 9 utili zi n g a n 

M T S Crit eri o n ™ M o d el 4 3 s y st e m ( M T S, I n c.) e q ui p p e d wit h a 2 5. 4- m m 

g a u g e l e n gt h e xt e n s o m et er t o m e a s ur e t h e str ai n. T h e t e st s w er e c o n -

d u ct e d  u n d er  c o n st a nt  cr o s s h e a d  s p e e d  of  1. 0  m m / mi n  u ntil  f ail ur e 

o c c urr e d. T e n s a m pl e s w er e t e st e d f or e a c h c o m p o sit e c o n fi g ur ati o n. 

D y n a mi c m e c h a ni c al a n al y si s ( D M A) t e sti n g w a s c arri e d o ut utili zi n g 

D M A 8 0 0 0 a n al y z er ( P er ki n El m er, I n c.), f oll o wi n g t h e A S T M D 5 0 2 3- 1 5 

a n d  A S T M  D 7 0 2 8- 0 7  st a n d ar d s.  C o m p o sit e  b e a m s  of  5 0. 0 0  m m ×

6. 2 5 m m w er e u s e d a n d a t hr e e- p oi nt b e n di n g fi xt ur e wit h a s p a n of 4 0 

m m w a s utili z e d t o m o u nt e a c h of t h e c o m p o sit e s a m pl e s. T hr o u g h t h e 

D M A  t e m p er at ur e  s w e e p  m o d e,  a  1. 0  H z  fr e q u e n c y  w a s  m ai nt ai n e d, 

w hil e s w e e pi n g t h e t e m p er at ur e fr o m 3 0 t o 1 7 0 ◦ C w hil e t h e b e a m i s 

u n d er  a  c o n st a nt  str ai n  of  0. 0 1  m m.  T h e  fr e q u e n c y  s w e e p  t e st  w a s 

p erf or m e d fr o m 1 t o 1 0 0 H z u n d er i s ot h er m al c o n diti o n of at 2 5 ◦ C u si n g 

t h e s a m e str ai n a p pli e d i n t h e t e m p er at ur e s w e e p t e st, a n d a c o n st a nt 

f or c e of 1. 0 N. 

T o a s s e s s t h e eff e ct of t h e diff er e nt fi b er ’s s urf a c e tr e at m e nt s o n t h eir 

a d h e si o n t o t h e e p o x y, f o ur diff er e nt s et s of c o m p o sit e s s a m pl e s w er e 

pr e p ar e d f oll o wi n g t h e A S T M - D 5 8 6 8 st a n d ar d f or s h e ar l a p a d h e si o n 

t e st s p e ci fi c t o F R P s. E a c h s p e ci m e n c o m pri s e d ei g ht pli e s t o a c q uir e t h e 

t hi c k n e s s r e c o m m e n d e d i n t h e A S T M st a n d ar d. W hil e t h e o ut er si x pli e s 

w er e m a d e of r ef er e n c e c ar b o n fi b er s wit h n o s urf a c e tr e at m e nt s, t h e 

t w o i nt er m e di at e pli e s at t h e j oi nt w er e b a s e d o n fi b er s wit h diff er e nt 

s urf a c e tr e at m e nt s; r ef er e n c e, a ci d tr e at e d, M O F s, a n d C N T s. T h e s a m -

pl e s  w er e  m a n uf a ct ur e d  i n  t h e  a ut o cl a v e  f oll o wi n g  t h e  t h er m al  c y cl e 

utili z e d  f or  m a ki n g  t h e  t e n sil e  a n d  D M A  s a m pl e s.  U p o n  c uri n g  a n d 

c utti n g t h e c o m p o sit e s, e a c h s a m pl e c o m pri s e d t w o j oi nt s, e a c h wit h t h e 

di m e n si o n s of 1 0 1. 6 m m × 2 5. 4 m m × 0. 7 5 m m. T h e t o w pli e s at e a c h 

j oi nt o v erl a p p e d o v er a n ar e a of 2 5. 4 m m × 2 5. 4 m m. T h e s h e ar l a p 

s a m pl e s,  i n di vi d u all y,  w er e  h el d  i n si d e  t h e  gri p s  of  t h e  M T S  t e sti n g 

s y st e m, all o wi n g gri p s e p ar ati o n of 7 6. 2 m m. E a c h s a m pl e w a s l o a d e d i n 

t e n si o n  at  a  c o n st a nt  r at e  of  1 3  m m / mi n  u ntil  t h e  j oi nt  f ail s.  Fi v e 

Fi g. 2. E D S a n al y si s of t h e c ar b o n a n d ni c k el el e m e nt al a n al y si s f or ( a – b) t h e c ar b o n fi b er s wit h M O F s a n d ( c – d) c ar b o n fi b er s wit h M O F aft er gr o wi n g C N T s.  
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samples were tested for each composite configuration. 

3. Results and discussion 

The micrographs of the carbon fibers with different surface treat
ments are shown in Fig. 1. Fig. 1(a) shows a flake resembling the 
removed sizing. Treating the fibers with the diluted HNO3 solution 
dissolved these peels; nitric acid is well known for introducing the car
boxylic group (-COOH) to the fibers surface [33]. The acid treatment 
also plays an etching effect revealing several fibrils at the surface of the 
carbon fiber that can be seen in Fig. 1(b). Very organized MOFs porous 
structures emerged upon utilizing highly concentrated solution of the 
metal source as can be seen in Fig. 1 (c). The pores are separated by very 
thin sheet walls of the MOFs. A dense concentration of microscale 
spherical MOFs cages were observed to precipitate on the carbon fibers. 
These cages were a result of insufficient stirring of the metal salt 
initially, where large crystals of the metal salts, when left un-dissolved, 
become a substrate on their own leading to an array growth of MOFs 
cages which was reported by other studies as well [34]. It is worth 
mentioning that, while published literature displayed the presence of 
these thin MOFs sheets, they lacked the ordered pattern presented 
herein. Some of the patterns reported are solid cubical cages [35], 
nanobelts [36] and microspheres [34]. Several factors play roles in the 
formation of the different patterns of the MOFs such as the metal source 
concentration, the ligand utilized, the growth duration and the substrate 
material. For example, upon reducing the metal seeding solution con
centration by 50%, to 0.33 M, and upon following the same protocol it 
was clear from Fig. 1(d) that the well-defined thin sheet walls have 
vanished. 

Utilizing MOFs as catalyst to grow CNTs is one of the objectives of the 
current investigation. As shown in Fig. 1(e), The dense MOFs deposition 
leads to very dense CNTs growth that enlarged the fiber diameters from 
6.8 m, as reported by the manufacturer, to almost 30.0 m. Such dense 
growth hinders the resin ability to wet the fibers and penetrate through 
the bundles. The fibers with MOFs grown via 0.33 M seeding solution 
concentration yielded more uniform and less dense growth of CNTs as 
shown in Fig. 1(f). Such growth, from previous experience, allows for 
better flowability of the epoxy in between the fibers. 

As shown in Fig. 2(a b), the energy-dispersive X-ray spectroscopy 
(EDS) of the carbon fibers with MOFs revealed strong peaks of crystal
line nickel. The EDS was carried out after the CNTs growth, Fig. 2(c d), 
the carbon peak became stronger because of the added CNTs atoms. 
Identically, the Ni spots became more contrasted since the reduction 
process, prior to the CNTs growth, assisted in removing oxides that 
might have been developed during the MOFs deposition. 

The Raman spectra for the reference carbon fiber, shown in Fig. 3, 
revealed a strong disordered graphitic (D; 1360 cm 1) peak and much 
weaker ordered graphitic (G; 1580 cm 1) peak. A lesser referred to peak 
is the A peak roughly at 1500 cm 1, which is indicative of amorphous 
carbon. The T650, being a PAN based fiber, is not highly graphitic and 
do not exhibit a G band. However, they display a D peak that corre
sponds to the structural disorder caused by the presence of the sp3 bonds 
[37]. Upon acid treatment, the intensities of both the D and G peaks 
reduced, also the G band was broadened and shifted to a higher fre
quency. This shift is attributed to the presence of the COOH functional 
groups on the surface [38]. Also, the reduction in the G band intensity is 
indicative of reduced number of graphitic layers. The change in the ratio 
of the peak s intensities (ID/IG) is indicative of the number of defects 
sites; the functional groups can be thought of as defects. The deposition 
of MOFs on the surface of the fiber basically masked the D and G peaks 
due to the higher coverage of metal crystals and the spectra is just a 
measure of the absorption of the MOFs. The suitability of the Raman 
analysis to carbon fibers coated with MOFs is yet to be determined. One 
of the few references on the use of Raman spectroscopy with Ni based 
MOF was limited only to analyses of the normal modes of the MOF 
lattice vibrations at terahertz (THz) region, that corresponds to low 
wave number region in Raman spectra [39]. Upon growing the CNTs on 
the surfaces of the T650 carbon fiber, a strong D-band at 1350 cm 1 and 
G-band at 1595 cm 1, are apparent. The intensity ratio (ID/IG) is more 
noticeable for the carbon fibers with CNTs, indicating a high degree of 
crystallinity due to their presence. 

The WAXD patterns of the carbon fibers are show in Fig. 4(a). The 
patterns indicates a diffuse anisotropic scattering and the reference and 
acid treated fibers show a fan-like scattering which is typical for PAN 
based carbon fibers such as T650 [40] and AS4 [41]. Such scattering 
pattern arises from the random distribution of needle-like pores on the 
fibers; the intensity distribution in the reciprocal space comprises of 
disks cantered at the origin of that space with disks normal parallel to 
the principal axis of the pores [40]. Disk thickness is inversely related to 
the length of the pores. The fan-like shape is comprised of superposition 
of disks with finite thicknesses. 

The reference and the acid treated fibers exhibit identical patterns 
indicating that the acid treatment did not alter the crystallinity of the 
fibers. This is anticipated as PAN fibers are typically prepared via 
charring of a resin that does not undergo a liquid crystal state. Hence, 
upon graphitizing, PAN fibers display a turbostratic carbon peak as can 
be observed in Fig. 4(b). The peak beyond 2 25 is typical of a tur
bostratic fibers and it appears in all samples as the fiber serve as a 
substrate for the different coatings. Upon carrying the MOFs synthesis, a 
different scattering pattern with many crystalline peaks emerges. This 
new crystalline phase apparently possesses a large unit cell as its scat
tering peaks do not match those of the Ni (111) crystallographic plane or 
NiO (200) and (111) planes. The MOF sample when reduced at 550 C 
under inert environment loses several of these peaks and shows a 
noticeable peak at 2 39 which is indicative of the NiO (111) plane. 
The sample with CNTs displays a maximum peak at 26.2 that corre
sponds to the wall-to wall periodicity in multi wall CNTs; it is a char
acteristic of the (002) reflection from the graphitic layer. WAXS 
confirmed that these are multi wall CNTs (MWCNTs) as single wall CNTs 
comprise single graphitic layer, while diffraction requires presence of 
several planes. The interspacing between the graphitic shells can be 
computed from d 2 /qmax 3.40 A (where the scattering vector is 
given by q 4 sin (2 /2)/ ; is the wavelength) which agrees with 
those for standard graphite. 

The FTIR spectra of the different fibers are shown in Fig. 5. The FTIR 
spectra of the reference carbon fibers do not show discernible or typical 
peaks due to the lack of any functional groups and since the minute 
changes due to de-sizing at high temperature may not be observed in the 
IR spectrum recorded by ATR technique due to poor resolution [42]. The 
absorption peak for the reference sample at 1582 cm 1 corresponds to 
the intrinsic absorption band of graphite materials. Upon acid treating 

Fig. 3. Raman spectra of the T650 carbon fibers with different sur
face treatments. 
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t h e fi b er wit h dil ut e d nitri c a ci d s e v er al n e w p e a k s a p p e ar e d. T h e gr o u p s 

of C – O – C, C – O – N or C – N a p p e ar b et w e e n 1 4 0 0 c m − 1 a n d 1 0 0 0 c m − 1 

[ 4 3 ].  T h e s e  p e a k s  ar e  str o n g er  t h a n  t h o s e  of  r ef er e n c e  c ar b o n  fi b er, 

i n di c ati n g  t h at  o x y g e n  f u n cti o n al  gr o u p s  w er e  i ntr o d u c e d  t hr o u g h 

o xi d ati o n b y t h e nitri c a ci d. T h e p e a k s b et w e e n 3 2 0 0 a n d 3 5 0 0 c m − 1 a r e 

a s s o ci at e d  wit h  O H  gr o u p str et c hi n g  vi br ati o n s [ 4 4 ]  i n di c ati n g  w at er 

pr e s e n c e d u e t o i n s uf fi ci e nt dr yi n g of t h e fi b er s. T h e F TI R s p e ctr a s u g -

g e st  t h at  h e  d e p o siti o n  of  t h e  M O F s  o n  t h e  C F  s urf a c e  w a s  a c hi e v e d 

s u c c e s sf ull y e vi d e nt b y t h e m a n y p e a k s t h at w er e n ot s e e n i n t h e ot h er 

fi b er c o n fi g ur ati o n s. T h e fir st o b s er v ati o n t h e i nt e n s e p e a k s b e y o n d at 

ar o u n d 3 4 0 0 c m − 1 i s att ri b ut e d t o t h e O– H gr o u p c o u pli n g t o Ni(ii). T h e 

p e a k s ar o u n d 1 5 9 0 a n d 1 3 9 0 c m − 1 a r e a s s o ci at e d wit h t h e str et c hi n g of 

c o or di n at e d  c ar b o x yl at e  (- C O O -)  a n d  s y m m etri c  str et c hi n g  m o d e  of 

c o or di n at e d c ar b o x yl at e, r e s p e cti v el y [ 4 5 ]. Fi n all y t h e p e a k s b et w e e n 

7 5 0 0 – 8 0 0  ar e  a s cri b e d  t o  t h e  O – Ni – O  vi br ati o n s  w hil e  t h o s e  ar o u n d 

1 0 5 0 a n d 8 5 0 c m − 1 c o n fi r m t h e C – N a n d C – H b o n d s, r e s p e cti v el y [ 4 6 ]. 

Pri or  t o  gr o wi n g  C N T s,  w e  i n v e sti g at e d  t h e  c o n s e q u e n c e s  of  t h e 

t h er m al r e d u cti o n of t h e c ar b o n fi b er s wit h M O F s c o ati n g u n d er nitr o -

g e n e n vir o n m e nt al at 5 5 0 ◦ C f o r ½ h. Fi g. 6 s h o w s a c o m p ari s o n b et w e e n 

t h e m or p h ol o gi e s of t h e M O F s pr e a n d p o st r e d u cti o n. T h e pr e-r e d u cti o n 

m or p h ol o g y i s d o mi n at e d b y i nt er w o v e n fi a k e s of M O F s, w hi c h gi v e s t h e 

ri s e t o t h e w all s s e e n i n Fi g. 1 . T h e r e d u c e d- M O F p h a s e att ai n s p arti c-

ul at e s h a p e s wit h br o a d p arti cl e si z e di stri b uti o n. T h e l ar g er p arti cl e s 

m or p h ol o g y  s u g g e st s  t h e y  c o m pri s e  a g gl o m er at e s  of  m u c h  s m all er 

Fi g. 4. ( a) 2 D- W A X D p att er n s, a n d ( b) W A X D pr o fil e s of t h e T 6 5 0 fi b er s aft er t h e diff er e nt s urf a c e tr e at m e nt s.  
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p arti cl e s. Utili zi n g t h e S T E M- E D S m o d e t h e c o m p o siti o n of t h e s e t w o 

diff er e nt p h a s e s i s gi v e n i n T a bl e 1 . A s c a n b e s e e n, t h e r e d u cti o n l e d t o 

d e cr e a s e i n t h e c ar b o n c o nt e nt a s t h e or g a ni c i n gr e di e nt of t h e M O F s 

d e c o m p o s e d at 5 5 0 ◦ C. T h e r e d u cti o n pr o c e d ur e a c hi e v e d it s p ur p o s e 

e vi d e nt b y t h e f a ct t h at t h e o x y g e n c o nt e nt w e nt d o w n w hil e t h e ni c k el 

p er c e nt a g e i n cr e a s e d s u g g e sti n g r e m o v al of o xi d e s w hi c h i s d e sir a bl e f or 

c at al yti c gr o wt h of C N T s. 

Utili zi n g t h e I m a g e- J ® s oft w ar e, t h e S T E M i m a g e w a s di giti z e d, a n d 

a hi st o gr a m of t h e p arti cl e si z e di stri b uti o n w a s c al c ul at e d a s s h o w n i n 

Fi g. 7 . T h er e i s n o d o mi n a nt si z e of t h e r e d u c e d p arti cl e s; t h e y c a n r a n g e 

fr o m f e w n m t o al m o st 2 5 0 n m. S u c h wi d e r a n g e of p arti cl e si z e c o ul d 

l e a d t o diff er e nt C N T s, or e v e n c ar b o n n a n o fi b er s, di a m et er s. 

T h e l o c al t o w di a m et er a n d t h e m e ni s c u s h ei g ht w er e r e c or d e d b y 

l o c ati n g t h e p o siti o n s of t h e ri g ht a n d l eft c o nt a ct p oi nt s s h o w n i n Fi g. 8 . 

T h e t o w w a s wit h dr a w n fr o m t h e DI w at er b at h a n d t h e w ei g ht of t h e 

li q ui d w a s m e a s ur e d. T h e c o nt a ct a n gl e w a s c al c ul at e d u si n g t h e J a m e s 

e q u ati o n [ 4 7 ] f oll o wi n g t h e pr o c e d ur e s o utli n e d i n t h e w or k b y W a n g 

et al. [ 3 2 ]. T h e w at er m e ni s c u s a n gl e s ar o u n d t h e diff er e nt fi b er ’s t o w s 

ar e gi v e n i n Fi g. 8 . T h e s e r e s ult s s h o ul d b e c o n si d er e d q u alit ati v el y a s 

t h e fi b er s t o w g e o m etr y w a s c h a n gi n g wit h ti m e d u e t o c a pill ar y i n d u c e d 

d e n si fi c ati o n of t h e t o w, w hi c h i s vi si bl e s p e ci all y i n t h e r ef er e n c e fi b er s 

t o w. It w a s o b s er v e d t h at t h e l o o s e fi b er s i n t h e t o w a g gr e g at e s d u e t o 

t h e c a pill ar y eff e ct d uri n g t h e i m m er si o n i n w at er. H o w e v er, t h e l e v el of 

a g gr e g ati o n  w a s  si g ni fi c a ntl y  diff er e nt,  t h e  M O F s  s a m pl e  r et ai n e d 

al m o st a c o n st a nt di a m et er t hr o u g h o ut t h e i m m er si o n pr o c e s s w hil e t h e 

ot h er t hr e e c o n fi g ur ati o n s e x hi bit e d a n e c ki n g i n t h e di a m et er. T h e t o w 

wit h C N T s att ai n e d t h e l ar g e st di a m et er d u e t o t h e a d d e d t hi c k n e s s of 

t h e C N T s c o ati n g a n d d u e t o t h e n a n o s c al e g a p s i n b et w e e n t h e C N T s 

mi ni mi zi n g  t h e  w at er  c a pill ar y  eff e ct.  T h e  e v ol uti o n  of  t h e  e xt er n al 

w at er c o nt a ct a n gl e v s. ti m e f or t h e n diff er e nt fi b er t o w s c o n fi g ur ati o n i s 

s h o w n i n Fi g. 9 . All fi g ur e s s h o w a q u a si-i n st a nt a n e o u s m e ni s c u s f or m s 

e vi d e nt b y t h e dr o p of t h e c o nt a ct a n gl e fr o m 9 0 ◦ t o a n y w h e r e b et w e e n 

6 5 ◦ a n d  4 5 ◦ f o r  t h e  diff er e nt  c o n fi g ur ati o n s  wit h  M O F s  dr o p pi n g  t h e 

m o st. T h e b e n d of e a c h c ur v e i n di c at e s t h e ti m e f or w at er t o c o m pl et el y 

fill t h e t o w, w h er e t h e r ef er e n c e t o w att ai n e d t h e s h ort e st ti m e f oll o w e d 

b y t h e a ci d tr e at e d, M O F s a n d t h e C N T s c o n fi g ur ati o n r e q uir e d m u c h 

l o n g er ti m e. T h e p h e n o m e n o n d o e s n ot o c c ur i n st a nt a n e o u sl y a s w at er 

n e e d s t o dri v e t h e air o ut. C o n si d eri n g t h e m ulti s c al e c a pill ar y eff e ct b y 

t h e  fi b er s  a n d  t h e  C N T s  t hi s  e x pl ai n s  t h e  e xt e n d e d  ti m e  f or  w at er  t o 

pr o gr e s s  i n  t h e  C N T s  c o n fi g ur ati o n.  Aft er  t h e  w at er  pr o gr e s si v el y  r e -

pl a c e s air i n b et w e e n t h e fi b er s i n t h e t o w, t h e c o nt a ct a n gl e att ai n s it s 

st ati c v al u e. E v e nt u all y all diff er e nt s urf a c e tr e at m e nt s ai d i n r e d u ci n g 

t h e  c o nt a ct  a n gl e  fr o m  4 6. 3 1◦ f o r  t h e  r ef er e n c e  fi b er  t o w  t o  3 5. 0 7◦ , 

3 3. 4 3 ◦ a n d 3 4. 5 2 ◦ f o r t h e a ci d tr e at e d, M O F s a n d C N T s c o n fi g ur ati o n s, 

r e s p e cti v el y. 

T h e t h er m al st a bilit y of t h e diff er e nt fi b er s ’ c o n fi g ur ati o n s e x a mi n e d 

vi a  T G A  a n al y si s  ar e  s h o w n  i n Fi g.  1 0 .  T h e  r e s ult s  s u g g e st  t h at  t h e 

r ef er e n c e s a m pl e att ai n e d a wt. l o s s of 1 0 % of t h e ori gi n al w ei g ht i n N 2 

e n vi r o n m e nt.  E v e nt u all y,  t h e  l a c k  of  a  si zi n g  a g e nt  or  ot h er  s urf a c e 

c o ati n g s  l e d  t o  s u c h  f a st  a n d  si g ni fi c a nt  d e gr a d ati o n.  I n  c o m p ari s o n, 

lit er at ur e s u g g e st e d t h at si z e d T 6 5 0 fi b er d o e s n ot l o s e m or e t h a n 2 % 

wt.  u n d er  nitr o g e n  e n vir o n m e nt  [ 4 8 ].  T h e  fi b er s  wit h  M O F s  c o ati n g 

di s pl a y e d t h e f a st e st d e gr a d ati o n r at e u p t o 2 2 5 ◦ C, s u g g e sti n g t h at m o st 

of  t h e  w ei g ht  l o s s  c o ul d  b e  attri b ut e d  t o  i n s uf fi ci e nt  dr yi n g  a s  t hi s 

s a m pl e  w a s  s o a k e d  s e p ar at el y  i n  w at er  d uri n g  a ci d  tr e at m e nt  a n d  i n 

Fi g.  5. ( a)  F TI R  S p e ctr a  of  t h e  diff er e nt  c ar b o n  fi b er s  c o n fi g ur ati o n s  ( b)  A 

z o o m-i n of t h e s p e ctr a of fi b er s wit h o ut M O F s. 

Fi g. 6. S T E M mi cr o gr a p h s of M O F s fil m d e p o sit e d o n c ar b o n fi b er s ( a) pr e a n d ( b) p o st r e d u cti o n u n d er nitr o g e n at 5 5 0 ◦ C f o r 3 0 mi n.  
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m et h a n ol  d uri n g  t h e  M O F s  gr o wt h  a n d  h e n c e  a c c u m ul at e d  t h e  m o st 

m oi st ur e. T h e r at e of d e gr a d ati o n b e y o n d t h at t e m p er at ur e w e nt sl o w er 

t h a n b ot h t h e a ci d tr e at e d a n d t h e r ef er e n c e s a m pl e u p t o 6 5 0 ◦ C, w h e r e 

a hi g h er d e gr a d ati o n r at e t o o k pl a c e s u g g e sti n g t h e d e c o m p o siti o n of t h e 

T a bl e 1 

E D S el e m e nt al a n al y si s of M O F s d e p o sit e d o n c ar b o n fi b er pr e a n d p o st r e d u cti o n u n d er nitr o g e n e n vir o n m e nt at 5 5 0 C f or 3 0 mi n. A n al y si s w a s t a k e n at 7 diff er e nt 

p oi nt s f or e a c h c o n fi g ur ati o n.   

M O F s p o st r e d u cti o n ( %) M O F pr e r e d u cti o n ( %) 

El e m e nt C N O Ni C N O Ni 

A v er a g e 7 3. 0 8 2. 6 4 4. 3 5 1 9. 9 3 8 0. 2 6 3. 3 5 5. 0 5 1 1. 3 3 

St. D e vi ati o n 4. 5 4 0. 3 3 0. 3 8 5. 1 4 5. 6 8 1. 4 3 2. 0 5 2. 6 4  

Fi g. 7. I m a g e- J® di giti z e d S T E M mi cr o gr a p h ( b) p arti cl e si z e di stri b uti o n.  

Fi g. 8. C o m p ari s o n of t h e w at er m e ni s c u s ar o u n d t h e diff er e nt c ar b o n fi b er s t o w s c o n fi g ur ati o n s; ( a) r ef er e n c e, ( b) a ci d tr e at e d, ( c) M O F s a n d ( d) C N T s. Pi ct ur e s 

t a k e n at 1 0 0 s aft er t h e t o w c o nt a ct e d w at er. 

Fi g.  9. E xt er n al  w at er  c o nt a ct  a n gl e  v s.  ti m e  f or  t h e  diff er e nt  c ar b o n  fi b er s 

t o w s.  T h e  st ati c  a d v a n ci n g  c o nt a ct  a n gl e s  w er e  c al c ul at e d  b y  a v er a gi n g  t h e 

a n gl e s t o t h e ri g ht a n d l eft of t h e fi b er a xi s at t h e gi v e n ti m e. 

Fi g.  1 0. T G A  c ur v e s  of  t h e  diff er e nt  fi b er ’s  c o n fi g ur ati o n s.  T e st s  w er e  c o n -

d u ct e d u n d er nitr o g e n e n vir o n m e nt. 
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organic components of the MOFs. This conclusion is reinforced by the 
minimal degradation pattern of the fiber with MOFs that have under
gone a reduction process under nitrogen to produce the nickel particles 
needed as catalyst to grow the CNTs. This sample has been reduced at 
550 C for 30 min, which could have decomposed all the organics from 
the MOFs structure leaving behind elemental nickel and minimal 
decomposable compounds leading to less than 6% wt. reduction. This 
sample is the base sample to grow CNTs, hence, after growing CNTs at 
550 C, it maintained better thermal stability at high temperature than 
any of the other carbon fibers configurations indicating that the grown 
CNTs have good graphitization structure which was observed by other 
research groups [49,50]. 

Fig. 11(a) shows representative tensile tests of the different com
posite configurations, while Fig. 11(b) summarizes the stiffness and 
strength for the different composites. From both the figures, it can be 
observed that all the composite configurations exhibited linear elastic 
behaviour and the stiffness for all configurations remained almost un
altered. This is mainly because the stiffness is more of a volumetric 
property that depends on the core of the fiber rather than its surface. The 

only configuration to show a slight improvement on the stiffness was 
that for composites where the fibers are sheathed with CNTs on the 
surface and that was the only composite where the fibers have been 
annealed at elevated temperatures which would have sintered the MOF 
under the CNTs leading to a stiffer phase. 

The strength of the composite increased slightly by 2.1% due to acid 
treatment. The acid treatment in general increases the surface area of the 
fiber and enhances the surface functionality. The minute increase here is 
mostly because of the relatively low acid concentration acid (30%), 
compared to the 60 100% typically utilized to induce significant surface 
oxidation and noticeable increase in carbon fibers surface area [8,51]. 
The choice of the low acid concentration was mostly to control the 
density of MOFs growth in the next steps. It is worth mentioning that 
some of the previous indicated a reduction of the strength of the carbon 
fiber itself due to the acid etching [52,53], attributing the damage to the 
fiber induced by etching as the main cause for strength reduction. This 
damage was manifested by the decay of the intensity and the broadening 
in the Raman spectra compared to the reference fiber in Fig. 3. Growing 
the MOFs on the surface of the fiber increased the strength by 11.0%. 
The MOFs play significant role in increasing the surface area and 
providing anchoring between the fiber and the matrix. We hypothesize 
that the defects induced by the acid etching were filled with MOFs, as 
the COOH group induced by the acid etching and the ligand in the 
MOFs play a role in anchoring the Ni-MOF structure to the activated 
sites on the surface of the carbon fiber. These MOFs assist in better load 
transition from the matrix to the fiber, and better load distribution on 
the fiber surface, increasing the load bearing capacity and, thus, 
enhanced strength. Earlier literature suggested that the fiber themselves 
become stronger when coated with Zr based or Zn based MOFs after 
functionalizing the fibers with COOH or NH2 groups through acid 
treatment [52,53]. Growing CNTs utilizing the Ni-MOFs as catalyst 
improved the strength of the composite by 5.5%. The increase is less 
than that for the MOFs because the elevated temperature needed for the 
CNTs growth induces some damage to the carbon fiber on top of the 
damage it has encountered due to acid treatment. Growing CNTs uni
formly on the carbon fiber often leads to modest increase in the strength. 
The dense blanket of the CNTs hinders the flow of the epoxy from 
reaching the underlying carbon fiber, which is crucial for better adhe
sion and enhanced mechanical properties. We believe that having the 
MOFs layer beneath the CNTs film still contributes to the improvement 
on the strength. In a previous investigation [17], we grew CNTs on 
identical T-650 carbon fiber. However, the Ni catalyst was deposited as 
uniform smooth film via magnetron sputtering, rather than porous 
honeycomb film obtained by the MOFs chemistry. In that investigation, 
we observed only 3.0% improvement on the strength. Hence, the 
morphology of the MOFs attributed to the better improvement of the 
composite based on fibers with CNTs, when the MOFs is deposited as the 
catalyst. 

To explore the effects of the different surface treatments on the fi
ber s/matrix interactions, we examined the micrographs of fractured 
surfaces of the different tensile samples as shown in Fig. 12. Fig. 12(a b) 
clearly show that the fracture of the composite based on the reference 
fibers was dictated by fiber breakage, the absence of strong interface 
between the fiber and matrix; evident by the clean fiber surface in 
Fig. 12(b), led to unstoppable crack propagating that propagated across 
the fiber. Activating the fibers via acid treatment did not change the 
pattern of fiber failure, but Fig. 12(c d) suggest there was better adhe
sion evident by the residue of the epoxy on the fiber s surface. Upon 
growing MOFs, they act as crack deterrents, as shown in Fig. 6(e f). 
While the cracks initiated in matrix zone, upon further loading, they get 
deflected along the axis of the fibers on a wavy trajectory that can be 
clearly seen in Fig. 12(e). The MOFs stay intact to the fiber surface, 
manifested by the shiny surface of the fiber as seen in Fig. 12(f). Fig. 12 
(g) suggests that the existence of CNTs at the interface hinders crack 
propagation along the fiber axis and the matrix in between. Adjacent 
fibers did not undergo longitudinal crack propagation as well. Very 

Fig. 11. (a) Representative tensile tests of the composites based on different 
fiber treatments. (b) The averaged tensile strength and axial stiffness of the 
composites. Error bars represent the standard deviation. 
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Fi g. 1 2. Mi cr o gr a p h s of t h e fr a ct ur e s urf a c e s at diff er e nt m a g ni fi c ati o n s f or c o m p o sit e s b a s e d o n ( a – b) r ef er e n c e u ntr e at e d fi b er s, ( c – d) a ci d tr e at e d fi b er s, ( e – f) 

fi b er s wit h M O F s, a n d ( g – h) fi b er s wit h s urf a c e gr o w n C N T s utili zi n g t h e M O F s a s c at al y st. 
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rough fracture surfaces were observed in Fig. 12(h) indicating good 
adhesion between the fibers and the matrix. For both composites based 
on MOFs and CNTs, the composite exhibited little or no cracks in be
tween the fiber, suggesting that the patterned deposition of the MOFs, 
and the consequent CNTs growth, promoted mechanical interlocking 
mechanism between the nano reinforcement species and the epoxy 
matrix constituting strong impediments which inhibited crack propa
gation and, thus, yielded enhanced strength. 

The DMA frequency sweep results are shown in Fig. 13 in terms of 
the damping parameter tan ( ). To conceive these results, it is crucial to 
consider the different mechanisms that affect the damping capacity of 
FRPs, such as interfacial bonding, stick-slip friction, and nano fillers 
additives [54]. Clearly, the FRPs based on the reference carbon fibers 
attained the lowest damping parameter. The composite based on the 
fibers functionalized with nitric acid showed an improvement in 
damping by as much as 200% at 87 Hz, since the diluted acid treatment 
enhanced the surface area of the carbon fiber, evident by fibril like 
striation on the surface Fig. 1(b), allowing for larger contact with the 
epoxy and hence larger energy dissipation. Furthermore, the weakened 
graphitic outer layers of the fiber could have also promoted the stick-slip 
mechanism the fiber matrix interface. The addition of the MOFs to the 
fiber surface increases the surface area even further, and the weak 
epoxy-metal interfacial bonding allows for more energy dissipation and 
thus the damping parameter increased as high as 500% over the com
posite based on the reference fiber. The growth of CNTs on the carbon 
fibers increases the surface area tremendously due to the high aspect 

ratio of the CNTs. This new added interface area allows for significant 
friction between the CNTs and the epoxy leading to significant energy 
dissipation. Furthermore, from the tensile tests, it was evident that the 
placement of the CNTs at the interface allows for a better stiffness which 
is consistent with the hypothesis of sliding taking place at the 
CNTs/matrix interface [54]. The combination of all these attributes 
allowed the composite with CNTs to attain an improvement of the 
damping coefficient by up to 425%. 

The DMA analysis can also elucidate how the different fiber s surface 
treatments can affect the glass transition temperature, Tg, of the FRP. A 
widely accepted measure of the glass transition temperature is the peak 
of tan( ) curves [55,56]. From Fig. 14 the Tg for the composite based on 
the reference sample is about 120 C and is increasing to 140 C and 
150 C with the surface treatments with MOFs and CNTs, respectively. 
No significant change was observed for the composites based on acid 
treated fibers. The results suggest that the interface embodied by a new 
phase between the fiber and matrix plays crucial role in the shift of the 
glass transition temperature. Both the MOFs and the CNTs constitute 
obstacles that could hinder the epoxy. During glass transition, the epoxy 

Fig. 13. The DMA measurements of the damping parameter; tan ( ) for the 
different composites configurations via frequency sweep at room temperature. 

Fig. 14. DMA temperature sweep for composites based on reference, acid 
treated, MOF modified and CNTs growth carbon fibers. Measurements con
ducted at a frequency of 1.0 Hz. 

Fig. 15. (a) Representative shear lap joint stress vs. displacement for the 
different composites configurations, and (b) the effect of surface treatment 
method on bond adhesive shear strength. 
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m ol e c ul ar  c h ai n s  a b s or b  t h er m al  e n er g y  a n d  st art  m o vi n g.  H o w e v er, 

h a vi n g t h e M O F s a n d C N T s o n t h e s urf a c e of t h e fi b er sl o w d o w n t hi s 

m o v e m e nt, wit h o ut di mi ni s hi n g it. T h u s, m or e e n er g y ( a n d t h u s hi g h er 

t e m p er at ur e) i s n e e d e d t o o v er c o m e t h e s e n a n o s c al e h ur dl e s. Alt h o u g h 

t h e gl a s s tr a n siti o n i s a n i ntri n si c pr o p ert y of t h e p ol y m er m atri x, it i s 

cl e arl y aff e ct e d b y t h e fi b er pr e s e n c e a n d t h e fi b er ’s s urf a c e tr e at m e nt. A 

pr e vi o u s i n v e sti g ati o n [ 5 6 ] s u g g e st e d t h at t h e m er e pr e s e n c e of t h e fi -

b er s d o n ot aff e ct t h e T g al o n g t h e fi b e r dir e cti o n, b ut sli g htl y r e d u c e s 

t h e Tg al o n g t h e fi b e r tr a n s v er s e dir e cti o n. T hi s i n dir e ctl y c orr el at e s t h e 

T g t o t h e st r e n gt h a n d stiff n e s s, a s t h e s e pr o p erti e s r e a c h t h eir m a xi m u m 

al o n g t h e fi b er dir e cti o n a n d att ai n t h eir mi ni m u m v al u e s i n t h e tr a n s -

v er s e  dir e cti o n.  I n  s u p p ort  of  t hi s  h y p ot h e si s,  a n ot h er  i n v e sti g ati o n 

f o u n d t h at i n cr e a si n g t h e fi b er v ol u m e fr a cti o n i n a n e p o x y, h e n c e t h e 

str e n gt h a n d stiff n e s s, c o ul d i n cr e a s e t h e gl a s s tr a n siti o n b y a s m u c h a s 

2 5 ◦ C [ 5 7 ]. T h u s, t h e r e s ult s of t h e c urr e nt st u d y s u g g e st t h at t h e m e a -

s ur e m e nt of T g c o ul d off e r a v e n u e t o, q u alit ati v el y, pr o b e t h e eff e ct s of 

fi b er s urf a c e tr e at m e nt o n t h e m e c h a ni c al p erf or m a n c e of e p o x y- b a s e d 

c o m p o sit e s. 

Fi g. 1 5 ( a) di s pl a y s r e pr e s e nt ati v e str e n gt h- di s pl a c e m e nt c ur v e s f or 

t h e  f o ur  diff er e nt  c o m p o sit e s,  wit h  si n gl e-l a p  b o n d e d  j oi nt s,  w hil e 

Fi g. 1 5 ( b) s u m m ari z e s t h e a v er a g e j oi nt s h e ar str e n gt h s. T h e c o m p o sit e 

b a s e d o n t h e r ef er e n c e fi b er e x hi bit e d t h e l o w e st j oi nt s h e ar str e n gt h. T o 

cl a s sif y t h e f ail ur e m o d e of t h e j oi nt s, w e e x a mi n e d t h e j oi nt ar e a aft er 

f ail ur e c o n s ulti n g t h e A S T M st a n d ar d D 5 5 7 3. Fi g. 1 6 ( a) s h o w s t h at t h e 

c o m p o sit e b a s e d o n t h e r ef er e n c e fi b er s e x hi bit e d a st o c k- br e a k f ail ur e 

a s t h e s a m pl e br o k e o ut si d e t h e j oi nt ar e a. T h e a ci d tr e at m e nt of t h e 

fi b er  i m pr o v e d  t h e  a d h e si o n  s h e ar  str e n gt h  b y  1 0 %.  T hi s  i n cr e a s e  i s 

attri b ut e d t o t h e e n h a n c e d s urf a c e r o u g h n e s s of t h e fi b er, d u e t o t h e a ci d 

i n d u c e d r o u g h e ni n g of t h e c ar b o n fi b er s. T h e s a m pl e b a s e d o n t h e a ci d 

tr e at e d fi b er s di s pl a y e d a c o h e si v e f ail ur e e vi d e nt b y Fi g. 1 6 ( b) a s t h e 

a d h e si v e l a y er s e p ar at e d s u c h t h at it s r e si d u e a p p e ar e d at b ot h s urf a c e s 

of t h e j oi nt. It w a s b eli e v e d t h at f or c ar b o n fi b er s o xi di z e d vi a nitri c a ci d 

tr e at m e nt s,  it  i s  t h e  s urf a c e  f u n cti o n alit y  r at h er  t h a n  t h e  i n cr e a s e  i n 

s urf a c e ar e a t h at i s r e s p o n si bl e f or i m pr o v e m e nt s of t h e s h e ar str e n gt h 

[ 5 8 ].  I n  p arti c ul ar,  t h e  n u m b er  of  t h e  b o n d s  p er  u nit  l e n gt h  f or m e d 

b et w e e n  t h e  r e si n  m ol e c ul e s  a n d  t h e  s urf a c e  gr o u p s  i n d u c e d  b y  a ci d 

tr e at m e nt o n t h e s urf a c e of t h e c ar b o n fi b er s, r at h er t h a n t h e c o n c e n -

tr ati o n  of  t h e  b o n d s  or  t h e  s urf a c e  ar e a  i s  r e s p o n si bl e  f or  s u c h 

i m pr o v e m e nt. 

T h e  c o m p o sit e  b a s e d  o n  fi b er s  wit h  M O F  di s pl a y e d  a  r e m ar k a bl e 

i m pr o v e m e nt i n t h e a d h e si v e j oi nt s h e ar str e n gt h; 4 0 %. T h e n a n o s h e et 

str u ct ur e s  of  t h e  M O F s  ar e  r e s p o n si bl e  f or  t hi s  i m pr o v e m e nt  t hr o u g h 

f ur ni s hi n g a n e xt e n d e d c o nt a ct ar e a a n d a m e c h a ni c al i nt erl o c ki n g of 

t h e e p o x y b et w e e n t h e M O F s p or e s. T hi s s a m pl e di s pl a y e d a fi b er-t e ar 

f ail ur e,  a s  t h e  f ail ur e  r e s ult e d  i n  t h e  a p p e ar a n c e  of  r ei nf or ci n g  fi b er s 

o n b ot h r u pt ur e d s urf a c e s a s s h o w n i n Fi g. 1 6 ( c). T h e t e ari n g of t h e fi -

b er s wit hi n t h e j oi nt i s i n di c ati v e of si g ni fi c a nt s h e ar b e ari n g c a p a bilit y. 

Fi n all y,  f or  t h e  c o m p o sit e  b a s e d  o n  c ar b o n  fi b er  wit h  s urf a c e  gr o w n 

C N T s, t h e s h e ar l a p str e n gt h i m pr o v e m e nt w a s mi n ut e a n d w a s li mit e d 

t o 4. 4 %. Fi g. 1 6 ( d) r e v e al s t h at t h e e p o x y di d n ot w et t h e C N T s w ell, 

d e s pit e t h e el e v at e d pr e s s ur e i n t h e a ut o cl a v e, d u e t o t h e d e n s e gr o wt h 

of t h e C N T s. T hi s r e s ult e d i n a t hi n-l a y er c o h e si v e f ail ur e, w h er e s o m e 

a d h e si v e d u sti n g c a n b e s e e n o n o n e of t h e j oi nt s urf a c e s a n d a t hi c k er 

l a y er o n t h e o p p o sit e s urf a c e. O ur pr e vi o u s i n v e sti g ati o n s w er e a bl e t o 

i m pr o v e  t h e  s h e ar  str e n gt h  of  F R P s  o nl y  w h e n  C N T s  w er e  gr o w n  i n 

p att er n e d  p at c h e s  t o  all o w  f or  t h e  e p o x y  t o  fi o w  i n  b et w e e n  t h e s e 

p at c h e s [ 1 7 ]. Pr e vi o u s w or k [ 5 9 ] s u g g e st e d t h at f or a s h e ar l a p t e st, t h e 

C N T s c o ntri b ut e b ett er i m pr o v e m e nt s t o t h e F R P s w h e n a s urf a ct a nt i s 

utili z e d t o a cti v at e t h e m pri or t o t h eir di s p er si o n i n t h e e p o x y m atri x t o 

f or m a b ett er a d h e si v e p a st e. 

4.  C o n cl u si o n s 

T hi s  i n v e sti g ati o n  pr o vi d e s  a  pr a cti c al  r o ut e  f or  e n h a n ci n g  t h e 

i nt erf a ci al,  m e c h a ni c al,  a n d  d y n a mi c  pr o p erti e s  of  F R P s  b y  utili zi n g 

s c al a bl e,  y et  t ail or a bl e  s y nt h e si s  of  M O F s  o n  c ar b o n  fi b er  r e -

i nf or c e m e nt s, pri or t o c o m p o sit e s f a bri c ati o n. T h e M O F s f ur ni s h t h e fi-

b er s  wit h  si g ni fi c a nt  i n cr e a s e  i n  t h e  i nt erf a ci al  ar e a  t o  e n s ur e  b ett er 

a d h e si o n t o t h e e p o x y m atri x. T hi s i s a c c o m p a ni e d wit h s e v er al b o n di n g 

a n d  c h e mi c al  gr o u p s  r e v e al e d  b y  t h e  F TI R  a n al y si s.  T h e  s y nt h e si s 

t e c h ni q u e  yi el d s  cr y st alli n e  Ni  b a s e d  M O F s  t h at  ar e  al s o  s uit a bl e  a s 

c at al y st s f or gr o wi n g C N T s t o a d d m or e f u n cti o n alit y t o t h e c o m p o sit e. 

T h e gr o wt h c a n b e t ail or e d t o c o ntr ol b ot h t h e a m o u nt a n d t h e p or o sit y 

of t h e M O F s; si g ni fi c a nt M O F gr o wt h l e a d s t o d e n s e C N T s gr o wt h a s it 

s u b st a nti at e s  a  c o nti n u o u s  s o ur c e  of  Ni  c at al y st  n e e d e d  f or  t h e  C N T s 

gr o wt h. 

T e n sil e r e s ult s s u g g e st s t h at M O F s o ut p erf or m s ot h er s urf a c e tr e at -

m e nt s, s u c h a s a ci d f u n cti o n ali zi n g of t h e c ar b o n fi b er s, i n i m pr o vi n g t h e 

str e n gt h  b y  f ur ni s hi n g  n e w  s urf a c e  ar e a  a n d  b y  a cti n g  a s  m e c h a ni c al 

a n c h or s i n t h e e p o x y m atri x. T h e e n h a n c e m e nt i n str e n gt h ari s e s fr o m 

b ot h p h y si c al a n d c h e mi c al s o ur c e s. T h e F TI R a n al y si s r e v e al e d t h at t h e 

M O F s h a v e f ar m or e c h e mi c al b o n di n g t o t h e fi b er s t h a n a n y of t h e ot h er 

c o n fi g ur ati o n s i n cl u di n g – C O O H gr o u p a n d s e v er al Ni – O b o n d s. Al s o, 

t h e  M O F s  t e n d  t o  e n h a n c e  t h e  fi b er  h y dr o p hili cit y  e vi d e nt  b y  t h e 

r e d u c e d a n gl e of c o nt a ct. Fi n all y, t h e i nt erl o c ki n g of t h e e p o x y b et w e e n 

t h e M O F s p or e s i n cr e a s e s t h e i nt erf a c e wit h t h e e p o x y l e a di n g t o b ett er 

a d h e si o n a n d str e n gt h. 

A d di n g M O F s t o t h e c ar b o n fi b er s al s o a s si st e d i n a si g ni fi c a nt s hift of 

t h e Tg of t h e c o m p o sit e b y 2 0 ◦ C c o m p a r e d t o c o m p o sit e s b a s e d o n t h e 

pri sti n e  fi b er s.  T h e  d a m pi n g  p erf or m a n c e  of  t h e  fi b er / M O F s  h y bri d 

Fi g. 1 6. R e pr e s e nt ati v e i m a g e s of t h e diff er e nt j oi nt f ail ur e m o d e s o b s er v e d f or c o m p o sit e s b a s e d o n ( a) r ef er e n c e fi b er s ( b) a ci d tr e at e d fi b er s, ( c) fi b er s wit h M O F, 

a n d ( d) fi b er s wit h s urf a c e gr o w n C N T s. 
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composite outperformed all other configurations, including those 
incorporating CNTs, yielding a damping parameter improvement of 
500%. 

The most noticeable improvement induced by the MOFs is that for 
the shear lap joint strength, as the MOFs based hybrid composite yielded 
40% improvements in the shear strength of the joint. These preliminary 
results lay the foundation for next generation of hybrid composites that 
can contribute to several functionalities in FRPs, while offering remedies 
to the root cause of failure in composites: poor interfacial adhesion be
tween the fibers and the matrix. 
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