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Abstract: Global  solid  waste  management
and  construction  material  sustainability  con-
verge in fly ash (FA), with approximately 1700
million  tons  generated  annually,  while  cur-
rent  utilization  fails  to  adequately  address  its
environmental  burdens.  This  work  estab-
lishes an ecomaterials paradigm by synthesiz-
ing  controllable-sized  carbon  nanomaterials
in  situ  on FA,  converting FA into  high-perfor-
mance  cement  reinforcement  materials.
Through  chemical  vapor  deposition,  planar
graphene  is  grown  via  intrinsic  oxide  cataly-
sis and tubular carbon nanotubes on iron-func-
tionalized FA, creating catalyst-integrated com-
posites  that  eliminate  purification  steps  and
dispersion challenges. The substrate-bonded nanomaterials drastically reduce production costs compared to commercial alterna-
tives while ensuring optimal distribution in cementitious systems. These solid waste-derived ecomaterials function as multifunc-
tional  additives  at  dosages  of  5%–20%,  reducing  dependence  on  virgin  cement  while  delivering  complementary  performance
enhancements:  graphene  provides  exceptional  early-age  enhancement  (+36.96%  flexural  strength  at  3  d  in  mortar,  +18.55%
compressive strength at 7 d in concrete),  whereas carbon nanotubes provide sustained reinforcement maintaining advantages
through 28 d across both mortar and concrete systems. This catalyst-integrated approach simultaneously addresses solid waste
accumulation, reduces cement-related emissions, and delivers superior material performance compared to conventional alterna-
tives, demonstrating a scalable pathway for solid waste valorization through dimensional engineering of carbon nanomaterials.
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 1.  Introduction

The  construction  industry  consumes  over  4.4  billion  tons  of
cement  annually,  contributing  approximately  8%  of  global
anthropogenic  CO2 emissions  while  depleting  non-renew-
able  limestone  resources[1-5].  Concurrently,  coal-based  power

generation  produces  1.7  billion  tons  of  fly  ash  (FA)  per  year,
with over 60% accumulating in landfills and posing groundwa-
ter  contamination  risks[6-9].  The  convergence  of  these  chal-
lenges  necessitates  transformative  materials  strategies  that
simultaneously  address  resource  depletion,  emission  reduc-
tion, and solid waste valorization.
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Current  approaches  to  mitigating  these  interconnected
problems  remain  constrained  by  fundamental  technical  and
economic  limitations.  Conventional  approaches  incorporate
FA  at  15%–30%  dosages  as  a  supplementary  cementitious
material[10,11],  yet  fail  to  elevate  this  waste  beyond  low-value
applications or substantially enhance long-term performance.
More  advanced  strategies  have  explored  carbon  nanomate-
rial  reinforcement  in  cementitious  systems,  leveraging  their
superior  tensile  strength,  high  aspect  ratios,  and  multiple
nanoscale  enhancement  mechanisms,  including  pore  filling,
heterogeneous nucleation, and crack-bridging[12-15].  However,
hydrophobic  surfaces  and  strong  van  der  Waals  interactions
cause  agglomeration  in  aqueous  cement,  preventing  uni-
form  distribution  even  at  minimal  loadings[16,17].  Surfactant-
based dispersion strategies further escalate costs and compro-
mise  nanomaterial  properties,  rendering  this  approach  eco-
nomically unviable for large-scale construction.

A  critical  insight  emerges  from  the  chemical  composi-
tion of FA itself. This industrial waste contains metal oxides—
particularly  SiO2,  Al2O3,  and  Fe2O3—that  are  known  to  cata-
lyze  carbon  nanomaterial  formation  under  appropriate  ther-
mal conditions[18]. For graphene synthesis, surface oxygen func-
tionalities  on  these  intrinsic  oxides  can  serve  as  active  sites
that  lower  energy  barriers  for  carbon  ring  nucleation,
enabling  spontaneous  growth  without  supplementary  cata-
lysts[19]. Carbon nanotube formation, conversely, requires tran-
sition metal catalysts such as iron or nickel, which can be readily
introduced  onto  FA  surfaces  through  simple  impregnation
methods[20,21].  This  catalytic  functionality  positions  FA  as  an
ideal substrate for in situ carbon nanomaterial synthesis.

Chemical  vapor  deposition  (CVD)  enables  exploitation  of
this  catalytic  potential[22].  The in-situ growth ensures uniform
nanomaterial  distribution across  FA surfaces,  with  each parti-
cle  serving  simultaneously  as  a  catalyst  support  and  disper-
sion matrix. By maintaining this substrate-anchored configura-
tion  throughout  cement  application,  the  approach  circum-
vents  purification  and  dispersion  barriers,  reframing  FA  from
waste into a multifunctional ecomaterial platform.

An important question concerns how nanomaterial dimen-
sionality  influences  reinforcement  performance.  Graphene’s
two-dimensional  (2D)  planar  structure  provides  high  surface
area  favoring  hydration  acceleration  and  pore  refinement[23],
while  the  one-dimensional  (1D)  tubular  architecture  of  car-
bon  nanotube  (CNT)  offers  high  aspect  ratios  conducive  to
crack-bridging and sustained load transfer[24]. While both nano-
material  types  have  been  explored  in  cementitious  systems,
comparative  studies  systematically  evaluating  their  respec-
tive performance advantages remain limited.  Liu et  al.[25] and
Yao  et  al.[26] found  CNTs  superior  to  graphene  sheets  in  frac-
ture  toughness  at  0.05  wt%,  attributing  this  to  better  crack
bridging, while other work suggests graphene’s planar geome-
try  provides  advantages  in  pore  refinement  and  early-age
strength  development[27,28].  However,  these  studies  compare
commercial  nanomaterials  at  single  or  differing  concentra-
tions, with performance potentially confounded by variable dis-
persion  quality,  surfactant  chemistry,  and  nanomaterial
purity—factors  known  to  critically  influence  cement  compo-

site behavior.
This work demonstrates that controlled dimensional engi-

neering of  carbon nanomaterials  on FA substrates  provides a
scalable approach to solid waste valorization. Through system-
atic  synthesis  and  performance  evaluation,  the  study  reveals
dimension-selective  reinforcement  characteristics:  graphene-
functionalized  FA  enhances  early-age  cement  properties,
while  CNT-decorated  particles  improve  long-term  perfor-
mance. By converting disposal-bound industrial waste into tai-
lored,  high-performance  ecomaterials,  this  substrate-inte-
grated  strategy  provides  a  practical  pathway  toward  imple-
menting a circular economy in construction materials.

 2.  Experimental section

 2.1.  Synthesis of FA@G composites

FA@G  composites  were  synthesized  using  CVD  in  a  rotary
tube furnace.  Raw FA was loaded into the reaction tube,  and
the  system  was  purged  with  Ar  (0.4  L  min−1)  to  remove  air.
The furnace was heated to the target reaction temperature at
10  °C  min−1 under  atmospheric  pressure.  Upon  reaching  the
set  temperature,  the  tube  rotation  was  activated  (40  rpm),
and  ethylene  (C2H4,  0.4  L  min−1)  was  introduced  as  the  car-
bon  source,  maintaining  an  Ar:C2H4 molar  ratio  of  1:1.  After
the  designated  reaction  time,  C2H4 flow  and  tube  rotation
were  stopped,  and  the  system  was  cooled  to  room  tempera-
ture under Ar atmosphere (0.4 L min−1)  to obtain FA@G com-
posites.

To  investigate  the  effects  of  processing  conditions  on
FA@G  growth  and  properties,  the  reaction  temperature  was
fixed at 720 °C, while reaction times were varied at 8,  12, and
16 min, with the resulting composites designated as FA@G-8,
FA@G-12, and FA@G-16, respectively. Gas flow rates were main-
tained constant throughout all experiments.

 2.2.  Synthesis of FA@CNT composites

An iron catalyst  was first  deposited onto FA surfaces through
wet  impregnation.  Fe(NO3)3·9H2O  (5  wt%  relative  to  FA)  was
dissolved  in  anhydrous  ethanol  with  15  min  of  ultrasonica-
tion.  FA powder was then added to the solution and impreg-
nated  for  30  min  under  stirring.  The  mixture  was  dried  at
40 °C for 8 h and subsequently calcined in a muffle furnace at
800 °C for 2 h under an air atmosphere to produce the Fe-func-
tionalized FA catalyst.

CVD synthesis of FA@CNT was performed in a rotary tube
furnace.  The  prepared  catalyst  (10  g)  was  finely  ground  and
loaded  into  the  reaction  tube.  After  purging  with  Ar  (0.4  L
min−1),  the  furnace  was  heated  to  the  reaction  temperature
at 10 °C min−1. Upon reaching the set temperature, tube rota-
tion was activated (40 rpm), and H2 gas (0.1 L min−1) was intro-
duced  for  10  min  to  reduce  the  iron  catalyst.  Subsequently,
C2H4 (0.4  L  min−1)  was  introduced  while  maintaining  the  Ar
flow,  achieving  an  Ar:C2H4 molar  ratio  of  1:1.  After  the  desig-
nated  reaction  time,  C2H4 flow  and  rotation  were  stopped,
and the system was cooled to room temperature under an Ar
atmosphere to obtain FA@CNT composites.

To  investigate  the  effects  of  processing  conditions  on
FA@CNT  growth  and  properties,  the  reaction  temperature
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was  fixed  at  700  °C,  while  reaction  times  were  varied  at  45,
60,  and  75  min,  with  the  resulting  composites  designated  as
FA@CNT-45, FA@CNT-60, and FA@CNT-75, respectively.

 2.3.  Preparation of cement-based materials

 2.3.1.  Cement mortar specimens
To evaluate the influence of composite dosage on the mechani-
cal  properties  of  cement  mortar,  specimens  were  prepared
according to the mix proportions shown in Table 1. Six experi-
mental groups were designed with composite replacement lev-
els  of  0%  (control),  5%,  10%,  20%,  30%,  and  40%  by  mass  of
cement.

Materials  were  pre-weighed  according  to  the  formula-
tions and mixed using a planetary mortar mixer following the
sequence:  (1)  cement  and  composites  (or  FA  for  control)
were  dry-mixed  at  low  speed  (140  rpm)  for  1  min;  (2)  stan-
dard sand was added and dry-mixed for  2  min;  (3)  water  was
gradually  added  over  30  s  followed  by  high-speed  mixing
(285 rpm) for 2 min;  (4)  after a 30 s  pause to scrape the bowl
walls, final high-speed mixing was conducted for 1.5 min. The
complete  mixing  procedure  is  illustrated  in  Fig.  S1.  The  fresh
mortar  was  cast  into  prismatic  molds  (40  mm×40  mm×160
mm) in two layers with vibration compaction after each layer.
After  casting,  the  surface  was  leveled  with  a  straight  edge.
Specimens  were  demolded  after  24  h  and  cured  in  a  stan-
dard curing room at (20±2) °C and >95% relative humidity for
3, 7, and 28 d prior to testing.

 2.3.2.  Cement concrete specimens
To  investigate  composite  effects  on  the  mechanical  proper-
ties  of  concrete,  specimens  were  prepared  according  to  the
mix  proportions  shown  in Table  2.  Five  experimental  groups
were designed where composites replaced FA at levels of 0%
(control),  5%,  10%,  20%,  and  30%  by  mass.  Each  group  con-
sisted of six replicate specimens.

Materials  were  pre-weighed,  thoroughly  mixed,  and  cast
into cubic molds (150 mm×150 mm×150 mm). After demold-
ing, specimens were cured under standard conditions ((20±2)
°C, >95% relative humidity) for 7 d and 28 d prior to testing.

 2.4.  Material characterization

Morphology  and  microstructure  of  FA@G  and  FA@CNT  com-
posites  were  characterized  by  scanning  electron  microscopy
(SEM,  Quanta  200F,  FEI).  Raman spectroscopy was  performed
on  a  spectrometer  (Horiba  Jobin  Yvon  LabRAM  HR800)  with
633  nm  He-Ne  laser  excitation.  X-ray  diffraction  (XRD)  pat-
terns  were  collected  on  a  Bruker  D8  Advance  diffractometer.
Thermogravimetric  analysis  (TGA)  was  conducted  on  a  Shi-
madzu  thermogravimetric  analyzer  under  an  oxygen  atmo-
sphere  with  a  heating  rate  of  10  °C  min−1 to  determine  ther-
mal stability and carbon content.

 2.5.  Mechanical property testing

Cement mortar: Flexural and compressive strength tests were
performed  according  to  standard  procedures.  Flexural  test-
ing was conducted at a loading rate of 100 N s−1, and compres-
sive testing of the fractured halves was performed at 2.4 kN s−1.
Results represent the average of three specimens per group.

Cement  concrete:  Compressive  strength  testing  was  per-
formed  using  a  2000  kN  universal  testing  machine.  Speci-
mens  were  centered  between  the  compression  platens  and
loaded  at  0.5–0.8  MPa  s−1 until  failure.  Results  represent  the
average of three specimens per group.

 3.  Results and discussion

 3.1.  Characterization of FA@G composites

FA  from  coal-fired  power  plants  contains  various  metal
oxides,  including  SiO2,  Al2O3,  and  Fe2O3

[29,30].  Density  func-
tional  theory  calculations  have  shown  that  surface  oxygen
atoms on these oxides can catalyze hydrocarbon decomposi-
tion  and  carbon  nucleation[31].  During  CVD,  the  carbon
source  C2H4 undergoes  pyrolysis  on  oxide  surfaces  at  ele-
vated  temperatures,  breaking  C–H  bonds  and  forming  dis-
persed  carbon  hexagonal  rings,  with  oxygen  atoms  serving
as  nucleation  sites.  These  hexagonal  units  progressively  con-
nect to form graphene layers on the oxide surface.

SEM  images  (Fig.  1a–c)  showed  the  morphological
changes of  FA before and after graphene coating.  Pristine FA

 

Table 1.   Mix proportions for cement mortar specimens.

Sample Cement (g) Water (mL) Composites (g) Granule (g)

P.O 42.5 450 225 0 1350
FA@G-1/FA@CNT-1 427.5 225 22.5 1350
FA@G-2/FA@CNT-2 405 225 45 1350
FA@G-3/FA@CNT-3 360 225 90 1350
FA@G-4/FA@CNT-4 315 225 135 1350
FA@G-5/FA@CNT-5 270 225 180 1350

 

Table 2.   Mix proportions for cement concrete specimens.

Sample Cement (g) Aggregate (g) Water (mL) FA (g) Composites (g)

CP 5.10 45.51 3.08 2.19 0
FA@G-5%/FA@CNT-5% 5.10 45.51 3.08 2.08 0.11

FA@G-10%/FA@CNT-10% 5.10 45.51 3.08 1.97 0.22
FA@G-20%/FA@CNT-20% 5.10 45.51 3.08 1.75 0.44
FA@G-30%/FA@CNT-30% 5.10 45.51 3.08 1.53 0.66
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consisted  of  spherical  particles  ranging  from  1  to  5  μm  with
smooth  surfaces,  and  bright  spots  in  the  images  indicated
poor electrical conductivity. After CVD treatment, FA@G com-
posites  retained  their  spherical  morphology,  but  the  bright
spots  disappeared,  indicating improved conductivity.  Charac-
teristic wrinkled features appeared on particle surfaces (Fig. 1c),
confirming graphene layer formation.

TGA  analysis  (Fig.  1d)  revealed  that  all  FA@G  composites
began  oxidative  weight  loss  at  approximately  500–600  °C  in
air. Carbon content increased with longer CVD reaction times,
with FA@G-16 achieving the highest carbon loading. XRD pat-
terns  (Fig.  1e)  showed  that  FA  consisted  primarily  of  mullite
(Al6Si2O13) and SiO2 phases. After graphene coating, these char-
acteristic  peaks  remained  visible  but  with  reduced  intensity,
indicating  that  the  carbon  layer  did  not  alter  the  crystalline
structure  of  the  FA  substrate.  No  graphitic  carbon  peaks
appeared  in  FA@G  samples,  attributable  to  the  thin  carbon
layer and low overall carbon content.

Raman  spectroscopy  (Fig.  1f–i)  was  used  to  evaluate  car-
bon  layer  quality.  The  G  band  at  ~1575  cm−1 corresponds  to
sp2 hybridized  carbon,  while  the  D  band  indicates  structural
defects[32].  The D band was deconvoluted into three peaks[33]:
D1  (~1325  cm−1)  representing  disordered  graphitic  struc-
tures,  D3  (~1489  cm−1)  attributed  to  amorphous  carbon,  and
D4 (~1190 cm−1) associated with sp2-sp3 bonding or C=C struc-
tures. The ID/IG ratio quantifies graphene quality, with lower val-

ues  indicating  better  graphitization  and  fewer  defects[34].  As
shown  in Fig.  1i,  FA@G-8  exhibited  the  lowest ID/IG ratio,
while  this  ratio  increased  for  FA@G-12  and  FA@G-16.  This
trend  reflects  a  shift  in  growth  mechanism:  initially,  oxide-
catalyzed  deposition  produces  relatively  ordered  carbon  lay-
ers,  but  as  thickness  increases,  thermal  decomposition  away
from  the  catalytic  surface  dominates,  depositing  more  disor-
dered  carbon[35].  These  results  establish  FA@G-8  as  the  opti-
mal synthesis condition, balancing carbon loading with struc-
tural  quality,  and  this  composite  was  subsequently  selected
for cement mortar performance evaluation.

 3.2.  Characterization of FA@CNT composites

SEM  analysis  (Fig.  2a–c)  revealed  that  FA  particle  surfaces
were  covered  by  networks  of  carbon  nanomaterials  with
mixed  morphologies.  The  dominant  structures  were  carbon
nanofibers with diameters of approximately 200 nm, accompa-
nied  by  smaller-diameter  CNTs  interspersed  within  the  net-
works (Fig. 2b). Metal catalyst particles observed at the tips of
these  tubular  structures  (Fig.  2c,  red  circles)  are  consistent
with tip-growth mechanisms. This morphological heterogene-
ity—combining  CNTs,  carbon  nanofibers,  and  some  amor-
phous  carbon—reflects  the  diversity  of  metal  catalyst  parti-
cle sizes and catalytic activities distributed across FA surfaces.

TGA  analysis  (Fig.  2d)  showed  carbon  content  increased
progressively  with  reaction  time,  reaching  30.44%  for
FA@CNT-75.  The growth rate  deceleration observed between
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60  and  75  min,  where  carbon  content  increased  only  23%
despite a 25% longer reaction time, suggests progressive cata-
lyst  deactivation.  This  behavior  is  characteristic  of  metal-
catalyzed  CNT  synthesis,  where  catalyst  particle  encapsula-
tion  by  disordered  carbon  progressively  reduces  active  sites
for tubular structure nucleation.

Derivative  thermogravimetric  analysis  (DTG, Fig.  2e)
showed that FA@CNT-60 exhibited a maximum oxidation tem-
perature  of  573  °C,  lower  than  FA@CNT-45  (601  °C)  and
FA@CNT-75 (605 °C). Small-diameter CNTs oxidize at lower tem-
peratures  due  to  their  high  surface  area  and  reactive  edge
sites,  while  larger-diameter  carbon  nanofibers  require  higher
temperatures for complete oxidation. The lower DTG peak tem-
perature  of  FA@CNT-60  suggests  a  higher  proportion  of
smaller-diameter carbon structures in this sample[36].

Raman  spectroscopy  (Fig.  2f–i)  provided  detailed  struc-
tural  information  through  deconvolution  of  the  D-band
region  into  component  peaks.  The  D1  band,  representing
graphitic  lattice  disorder,  showed  substantial  variation: ID1/IG

decreased  from  1.46  (FA@CNT-45)  to  0.98  (FA@CNT-60),  then
increased  to  1.55  (FA@CNT-75),  indicating  that  FA@CNT-60
achieves  optimal  crystallographic  ordering.  The  D3  band,
attributed  to  amorphous  carbon,  decreased  from  1.10
(FA@CNT-45)  to  0.30  (FA@CNT-60  and  FA@CNT-75),  suggest-
ing  that  amorphous  carbon  content  stabilizes  after  sufficient
reaction  time.  Similarly,  the  D4  band,  associated  with  sp2-sp3

bonding,  decreased  from  0.45  (FA@CNT-45)  to  approxi-
mately  0.21–0.23  (FA@CNT-60  and  FA@CNT-75).  The  diver-
gent  behavior  of  D1  versus  D3/D4  sub-bands  indicates  that
the  performance  degradation  in  FA@CNT-75  primarily
involves  increased  lattice  disorder  rather  than  accumulation
of bulk amorphous carbon.

The  multi-dimensional  characterization  establishes
FA@CNT-60 as the optimal synthesis condition, exhibiting the
lowest ID/IG ratio,  minimal  lattice  disorder,  and  balanced  car-
bon  loading.  This  composite  was  subsequently  selected  for
cement mortar performance evaluation.

 3.3.  Mechanical performance of FA@G-reinforced

cement mortar

Based  on  the  characterization  results  in  Section  3.1,  FA@G-8
exhibited  optimal  structural  quality  and  was  therefore
selected for cement mortar performance evaluation. Mechani-
cal  testing  evaluated  FA@G-8  as  a  partial  cement  replace-
ment  in  mortar  formulations  at  dosages  of  5%,  10%,  20%,
30%,  and  40%  (designated  FA@G-1  through  FA@G-5,  corre-
sponding to FA@G-8 composite replacing 5%–40% of cement
mass),  with  compressive  and  flexural  strength  assessed  at  3,
7,  and  28  d  of  curing  (Fig.  3).  Each  data  point  represents  the
average of three replicate specimens.

At  3  d,  FA@G  incorporation  demonstrated  significant
strength  improvements  at  low  dosages  (Fig.  3a and d).  For
compressive  strength,  FA@G-1  and  FA@G-2  achieved  28.1
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MPa  and  28.3  MPa,  representing  increases  of  6.04%  and
6.79% over the control (26.5 MPa), respectively. The enhance-
ment  was  more  pronounced  for  flexural  strength,  where
FA@G-1  reached  6.3  MPa,  a  remarkable  36.96%  improve-
ment  compared  to  the  control  (4.6  MPa),  while  FA@G-2
showed  a  6.52%  increase.  The  disproportionately  large  flexu-
ral  enhancement  relative  to  compressive  gains  suggests  that
graphene’s  planar  structure  is  particularly  effective  at  arrest-
ing  mode  I  crack  opening,  which  dominates  flexural  failure.
The  wrinkled  graphene  sheets,  conformally  coating  FA  parti-
cles,  can  bridge  microcracks  oriented  perpendicular  to  ten-
sile stress fields, providing crack deflection and closure forces
that  are  less  influential  in  the  triaxial  compression-domi-
nated  failure  mode  of  compressive  testing.  However,  higher
replacement levels (≥20%, FA@G-3 to FA@G-5) resulted in pro-
gressive  strength  degradation,  indicating  that  excessive
FA@G adversely affects mechanical performance.

By  28  d,  the  enhancement  effect  persisted  but  dimini-
shed  substantially  in  magnitude  (Fig.  3c and f).  FA@G-2  exhi-
bited compressive  strength of  50.7  MPa (3.47% increase  over
the 49.0 MPa control), while FA@G-1 showed minimal improve-
ment  (0.20%).  For  flexural  strength,  only  FA@G-1  maintained
a slight enhancement (1.14% over the 8.8 MPa control). Com-
paring across curing ages, the control gained 84.91% in com-
pressive strength from 3 d to 28 d, while FA@G-1 gained only
74.73%, indicating that the control’s continued hydration even-
tually  narrows  the  performance  gap.  This  temporal  conver-
gence  suggests  that  graphene’s  reinforcement  operates  pri-
marily  during  early  curing  stages  rather  than  fundamentally
altering  the  equilibrium  microstructure.  The  exceptional
early-age flexural enhancement likely reflects multiple synergis-
tic  mechanisms.  Most  significantly,  graphene’s  planar  struc-
ture  provides  efficient  crack  deflection  and  bridging  under
mode  I  loading,  which  dominates  flexural  failure.  The  dispro-
portionately  large  flexural  enhancement  relative  to  compres-
sive gains at 3 d strongly supports this crack-bridging mecha-

nism,  as  the  wrinkled  graphene  sheets  conformally  coating
FA particles can bridge microcracks oriented perpendicular to
tensile stress fields—effects that are less influential under the
triaxial  compression-dominated  failure  mode  of  compressive
testing.  Additionally,  graphene’s  high-surface-area,  oxygen-
functionalized  basal  planes  may  promote  early  C-S-H  forma-
tion through heterogeneous nucleation sites, while simultane-
ously  providing  physical  densification  of  interfacial  zones
through  nanoscale  filling  effects.  The  convergence  of
graphene-reinforced  and  control  specimens  by  28  d  indi-
cates  that  these  advantages  accelerate  microstructural  deve-
lopment  rather  than  altering  the  final  hydrated  structure,  as
conventional  extended  curing  eventually  achieves  compara-
ble  matrix  density  and  crack  resistance.  These  results  estab-
lish 5% replacement (FA@G-1) as the optimal dosage,  achiev-
ing  consistent  enhancement  across  all  curing  ages  and  test-
ing modes, while 10% replacement (FA@G-2) performed com-
parably  at  early  ages  but  offered  limited  long-term  flexural
benefit.

The performance decline at high dosages (>10%) reflects
competing  detrimental  effects.  Excessive  FA  reduces  avail-
able  clinker  content  below  the  threshold  necessary  to  main-
tain adequate hydraulic reactivity, as the pozzolanic contribu-
tion  of  FA  cannot  fully  compensate  for  lost  alite  and  belite
phases  during  early  hydration[37].  Concurrently,  increased
graphene  content  may  exceed  the  critical  dispersion  limit:
despite substrate anchoring on FA particles,  graphene sheets
can  still  form  local  aggregates  during  mixing,  particularly  at
interfaces  between  FA@G  particles.  These  graphene-rich
zones  create  weak  planes  with  poor  interfacial  bonding  to
the  cement  matrix,  acting  as  stress  concentrators  that  initi-
ate  premature  failure[38,39].  The  relative  immunity  of  flexural
strength to moderate dosage increases (FA@G-2 and FA@G-3
show  sustained  enhancement  at  3  d)  compared  to  compres-
sive  strength  suggests  that  graphene’s  crack-bridging  bene-
fits  partially offset the matrix weakening effects under tensile
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loading,  but  these  advantages  disappear  under  compressive
stress  states  where  aggregate  interlock  and  matrix  density
become dominant[40].

 3.4.  Mechanical performance of FA@CNT-reinforced

cement mortar

Based on the characterization results in Section 3.2,  FA@CNT-
60  exhibited  optimal  structural  quality  and  was  therefore
selected for cement mortar performance evaluation. Mechani-
cal  testing evaluated FA@CNT-60 as a partial  cement replace-
ment  at  dosages  of  5%,  10%,  20%,  30%,  and  40%  (desig-
nated  FA@CNT-1  through  FA@CNT-5),  with  compressive  and
flexural strength assessed at 3, 7, and 28 d (Fig. 4).

At  3  d,  FA@CNT-1  achieved  31.1  MPa  compressive
strength, a remarkable 17.36% increase over the control (26.5
MPa),  substantially  exceeding  the  6.04%  improvement
observed  for  FA@G-1  at  equivalent  dosage  (Fig.  4a).  This  2.9-
fold enhancement advantage suggests that CNTs’ one-dimen-
sional,  high-aspect-ratio  morphology  provides  more  effective
early-age  reinforcement  than  graphene's  two-dimensional
structure.  The  tubular  geometry  enables  CNTs  to  span  multi-
ple  cement  grains,  creating  percolating  mechanical  networks
even at low volume fractions, whereas graphene sheets primar-
ily  reinforce  particle-scale  interfacial  regions.  For  flexural
strength  (Fig.  4d),  FA@CNT-1,  FA@CNT-2,  and  FA@CNT-3
reached  6.0  MPa,  5.8  MPa,  and  5.5  MPa,  representing
increases of 30.43%, 26.09%, and 19.57% over the control (4.6
MPa), respectively. Notably, while FA@CNT-1’s flexural enhance-
ment  (30.43%)  approached  FA@G-1’s  exceptional  perfor-
mance  (36.96%),  the  broader  effective  dosage  range  (up  to
20% for FA@CNT versus 10% for FA@G) indicates superior dis-
persion stability and a wider processing window for CNT-rein-
forced systems.

The  critical  distinction  between  CNT  and  graphene  rein-
forcement  emerged  at  28  d  (Fig.  4c and f).  FA@CNT-1  main-
tained 4.29% compressive strength enhancement, retaining a

significantly  higher  proportion  of  its  early-age  advantage
(4.29%  at  28  d  from  17.36%  at  3  d)  compared  to  FA@G-1’s
retention  of  only  approximately  3%  (0.20%  from  6.04%).
More  strikingly,  for  flexural  strength,  FA@CNT-2  exhibited
6.82%  improvement  at  28  d—its  highest  relative  gain  across
all  ages—while  FA@G-1’s  flexural  advantage  collapsed  from
36.96%  at  3  d  to  1.14%  at  28  d.  This  temporal  inversion,
where  CNT-reinforced  mortars  maintain  or  even  improve
their  relative  performance  over  time,  fundamentally  differs
from  the  monotonic  advantage  decay  observed  in  graphene
systems.  The  sustained  reinforcement  reflects  CNTs’ superior
crack-bridging  capability,  providing  post-cracking  toughness
through  mechanisms  analogous  to  macro-fiber  reinforce-
ment. CNTs’ flexible tubular structure enables them to accom-
modate interfacial deformations without debonding, maintain-
ing  load  transfer  capacity  across  evolving  crack  networks.  In
contrast,  graphene’s  reinforcement  operates  primarily  during
early  curing  stages,  with  benefits  diminishing  as  the  control
achieves comparable mechanical performance through contin-
ued hydration.

Comparing  the  two  nanomaterial  types  reveals  clear
dimension-selective  reinforcement  characteristics  aligned
with  their  geometric  complementarity.  Graphene  delivers
exceptional  early  flexural  enhancement  through  efficient
mode I crack deflection by planar sheets, but loses this advan-
tage  by  28  d.  CNT  provides  robust,  sustained  performance
across  all  ages  and stress  states,  with  particular  superiority  in
long-term  flexural  reinforcement.  The  optimal  dosage  ranges
also  diverge:  FA@G  exhibits  a  sharp  optimum  at  5%  with
rapid  performance  decline  beyond  10%,  whereas  FA@CNT
maintains benefits across 5%–10% with some flexural enhance-
ment  persisting  to  20%.  This  broader  tolerance  likely  reflects
CNTs’ superior resistance to re-agglomeration through mecha-
nical  entanglement,  compared  to  graphene  sheets’ tendency
to  restack  via  π–π  interactions[41,42].  The  dimension-depen-
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dent  mechanisms—graphene’s  early-age  enhancement  ver-
sus  CNTs’ mechanically-sustained  reinforcement—establish
that  rational  nanomaterial  selection should  prioritize  applica-
tion-specific  performance  requirements:  graphene  for  rapid
early  strength  development  in  precast  applications,  CNTs  for
sustained durability in long-service structures[30,43].

 3.5.  Mechanical performance in concrete applications

To  validate  the  scalability  of  nanomaterial  reinforcement
from  mortar  to  concrete  systems,  FA@G-8  and  FA@CNT-60
composites were evaluated in concrete formulations contain-
ing  coarse  aggregates.  The  presence  of  coarse  aggregates
introduces  additional  interfacial  zones  and  tortuosity,  poten-
tially  altering  optimal  dosages  and  reinforcement  mecha-
nisms compared to mortar systems[44,45].

For  FA@G-reinforced  concrete  (Fig.  5a and b),  the  early-
age enhancement paralleled mortar behavior but with ampli-
fied  magnitude.  At  7  d,  the  5%  replacement  (FA@G-5%)
achieved 43.7 MPa,  an 18.55% increase over the control,  sub-
stantially exceeding the 6.04% improvement observed in mor-
tar at the same age. This enhanced early performance in con-
crete  is  consistent  with  graphene’s  reported  ability  to  refine
interfacial transition zones around both fine and coarse aggre-
gates,  creating  a  more  extensive  network  of  strengthened
interfacial  regions  compared  to  mortar's  single  aggregate
size[46-48].  By  28  d,  FA@G-5%  maintained  an  11.01%  enhance-
ment,  outperforming  the  near-zero  long-term  advantage
observed in mortar. The sustained benefit in concrete is consis-

tent  with  previous  observations  of  graphene’s  preferential
accumulation at  aggregate-paste interfaces[46-48],  where crack
deflection  mechanisms  may  be  more  effective  in  the  pres-
ence  of  coarse  aggregates[49,50].  The  optimal  dosage
remained 5% in concrete, consistent with mortar results, with
higher  replacements  showing  progressive  performance
decline  attributable  to  the  same  agglomeration  and  clinker
dilution mechanisms.

For FA@CNT-reinforced concrete (Fig. 5c and d), the perfor-
mance profile differed markedly from both mortar and FA@G
concrete.  At  7  d,  enhancements  were  modest,  contrasting
with  the  17.36%  improvement  observed  in  mortar.  However,
at 28 d, FA@CNT-20% achieved 52.0 MPa, substantially exceed-
ing  both  the  control  and  all  other  dosages,  including
FA@CNT-5%  and  FA@CNT-10%.  The  20%  replacement  level
proved  optimal  in  concrete,  where  the  presence  of  coarse
aggregates  creates  larger  interfacial  zones  and  longer  crack
paths that benefit from higher CNT concentrations to achieve
effective  reinforcement  networks.  Additionally,  the  vigorous
mixing required for concrete workability may enhance CNT dis-
persion  through  aggregate-induced  shear  forces,  mitigating
agglomeration  that  limits  dosage  in  mortar  systems.  The
delayed  enhancement,  where  28-day  performance  far
exceeds  7-day  improvements,  aligns  with  CNTs’ crack-bridg-
ing  mechanisms  becoming  increasingly  important  as  the
matrix  densifies  and  develops  shrinkage-induced  microcrack-
ing[26,51].  The performance decline at  30% suggests  that  even
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concrete’s larger structural scale cannot accommodate unlimi-
ted  CNT  loading  without  encountering  processing  limita-
tions or excessive FA dilution of the binder phase.

Comparing the two nanomaterials within the concrete sys-
tem  reveals  dimension-selective  reinforcement  characteris-
tics. FA@G demonstrated optimal performance at 5% replace-
ment  with  maximum  enhancement  at  early  ages,  while
FA@CNT  achieved  optimal  performance  at  20%  replacement
with increasing relative advantages over time. These contrast-
ing  behaviors  reflect  their  distinct  geometric  characteristics:
graphene’s  planar  structure  efficiently  refines  interfacial
zones at lower concentrations, whereas CNTs’ tubular morpho-
logy  requires  higher  loading  to  establish  percolating  net-
works across the three-dimensional concrete matrix. The tem-
poral  profiles  further  distinguish  the  two  nanomaterials—
graphene  provides  front-loaded  kinetic  enhancement  while
CNTs  deliver  sustained  mechanical  reinforcement—demon-
strating  that  rational  nanomaterial  selection  must  consider
both dimensional  characteristics  and application-specific  per-
formance requirements.

 4.  Conclusions

This  study  established  dimension-selective  reinforcement
mechanisms  for  cementitious  materials  through  in-situ
growth  of  graphene  and  CNTs  on  fly  ash  substrates  via  CVD.
The  substrate-anchored  nanomaterial  architecture  addresses
long-standing  dispersion  challenges  while  enabling  system-
atic investigation of geometry-dependent performance.

Comprehensive characterization identified optimal synthe-
sis  conditions:  FA@G-8  exhibited  minimal  structural  defects,
while  FA@CNT-60  achieved  superior  crystallographic  order-
ing with balanced carbon loading. The distinct reaction dura-
tions and growth mechanisms—oxide-catalyzed surface depo-
sition for graphene versus metal-catalyzed dissolution-precipi-
tation for CNTs—produce structurally complementary nanoma-
terials anchored on the same FA substrate.

Mechanical  testing  revealed  dimension-dependent  rein-
forcement  profiles  across  mortar  and  concrete  systems.  In
cement  mortar,  FA@G  delivered  exceptional  early-age  flexu-
ral enhancement but diminished substantially by 28 d, consis-
tent  with  early-stage  reinforcement  mechanisms  including
crack  deflection  and  interfacial  densification.  FA@CNT  pro-
vided  sustained  reinforcement,  with  FA@CNT-1  achieving  a
30.43% flexural enhancement at 3 d and FA@CNT-2 maintain-
ing  a  6.82%  enhancement  at  28  d,  demonstrating  persistent
crack-bridging effectiveness  across  dosage levels.  In  concrete
applications,  FA@G  achieved  optimal  performance  at  5%
replacement with sustained early-age benefits, while FA@CNT
demonstrated optimal performance at 20% replacement with
maximum enhancement emerging at later ages.

These  dimension-dependent  behaviors  establish  rational
selection  criteria:  graphene  for  rapid  early  strength  in  pre-
cast  applications,  CNTs  for  sustained  durability  in  long-ser-
vice structures. The scalable, substrate-anchored synthesis pro-
vides a practical pathway for deploying advanced nanomateri-
als  in  construction,  simultaneously  valorizing industrial  waste
streams  and  reducing  cement  consumption.  The  elimination

of  catalyst  removal  and  dispersion  processing  steps—
enabled  by  direct  growth  on  fly  ash  substrates—positions
this approach as economically viable for large-scale implemen-
tation.

Several  research  directions  would  further  advance  this
dimensional engineering framework. Quantitative characteriza-
tion of early-age hydration processes would provide direct vali-
dation  of  the  acceleration  mechanisms  inferred  from  tempo-
ral strength evolution patterns. Detailed investigation of inter-
facial  properties  at  the  nanomaterial-cement  matrix  interface
could  elucidate  the  strengthening  mechanisms  observed  in
bulk  mechanical  performance,  particularly  for  graphene-rein-
forced  systems  where  exceptional  early  flexural  enhance-
ment  was  achieved.  Long-term durability  performance under
aggressive  environmental  conditions—including  freeze-thaw
cycling,  chemical  attack,  and  carbonation—would  comple-
ment the mechanical  characterization conducted under  stan-
dard  curing and establish  service-life  predictions  for  practical
applications.  Investigation  of  synergistic  effects  in  hybrid
graphene-CNT  systems  represents  a  particularly  promising
direction,  potentially  combining  graphene’s  early-age  advan-
tages  with  CNTs’ sustained  mechanical  reinforcement  to
achieve  optimized  performance  across  multiple  timescales.
Finally,  a  comprehensive evaluation of  the economic viability
and  environmental  impact  of  this  waste-valorization
approach would quantify  its  benefits  relative to conventional
cement  production  and  commercial  nanomaterial  incorpora-
tion,  supporting  the  translation  from  laboratory  demonstra-
tion  to  industrial  implementation.  These  extensions  would
build  upon  the  foundational  dimensional  engineering  princi-
ples  established  herein,  advancing  rational  design  strategies
for next-generation sustainable construction materials.
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