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ABSTRACT: Mechanical  friction  energy  is  a  ubiquitous  green  energy  that
can be collected and transformed into electrical energy for water treatment,
a concept theoretically referred to as tribocatalysis. The efficient removal of
organic  pollutants  from  wastewater  by  tribocatalysis  still  faces  challenges.
Employing doping technology to introduce metallic elements into materials
is anticipated to enhance tribocatalytic performance by improving material
properties.  In  this  work,  NiO  and x wt%  Co-doped  NiO  (x =  3,  5,  7,  and  9)
nanocatalysts  are  prepared  using  a  coprecipitation  method.  The
incorporation  of  Co  effectively  reduces  the  bandgap  of  NiO,  enhancing
tribocatalytic decomposition performance through the synergistic effects of
charge  transfer  and  electron  transition.  Notably,  the  optimized  7  wt%
Co–NiO  nanoparticles  demonstrate  the  leading  performance  in  the  decomposition  of  rhodamine  B  (RhB),  with  a  decomposition
ratio  of  96.7%  after  120  min,  representing  a  23.1%  increase  over  pure  NiO.  Electrochemical  impedance  spectroscopy  (EIS)
demonstrates that Co doping reduces the charge transfer  resistance of  NiO,  resulting in the production of  more reactive species.
Radical trapping experiments and electron paramagnetic resonance spectroscopy (ESR) reveal that both superoxide radicals (·O2

−)
and holes (h+) are key active radicals in dye decomposition. Furthermore, the 7 wt% Co–NiO nanocatalyst exhibits excellent stability
and  magnetic  recyclability,  retaining  an  87.1%  decomposition  ratio  after  five  cycles.  The  Co–NiO  nanocatalyst,  with  these
advantages of excellent tribocatalysis performance, low cost, and magnetic recyclability, has potential for application in wastewater
treatment through harvesting and utilizing environmental mechanical friction energy in the future.
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1    Introduction
Environmental  pollution  and  energy  shortages  are  becoming
increasingly  serious,  not  only  threatening  human health  but  also
potentially hindering long-term stable economic development [1].
Therefore, there is a strong push for green catalytic technology to
tackle  this  dual  challenge.  Recently,  cutting-edge  catalytic
methods,  including  photocatalysis,  piezocatalysis,  and
pyrocatalysis, have gained attention for their extraordinary ability
to  tap  solar,  mechanical,  or  thermal  energy  and  convert  it  into
chemical  energy,  paving  the  way  for  innovative  environmental
cleanup solutions  [2−4].  Among these,  photocatalytic  technology
uses  semiconductors  that,  in  the  presence  of  light,  generate

electron–hole  pairs  that  are  then  used  to  catalyze  reactions  [5].
However,  photocatalytic  efficiency  is  typically  low  due  to  poor
light utilization efficiency and severe electron–hole recombination
[6].  Pyrocatalysis requires precise control of temperature changes
to  trigger  reactions  [7].  However,  this  inherent  difficulty  poses
significant  challenges  for  its  practical  application.  Mechanical
energy is ubiquitous in nature. Piezocatalysis is a process in which
mechanical  vibration  is  applied  to  a  piezoelectric  material,
generating  polarized  charges  and  an  internal  electric  field  that
drives  catalytic  reactions  to  decompose  organic  pollutants  [8].
However,  the  high-frequency  ultrasonic  vibrations  essential  for
piezocatalytic reactions are rare in natural environments [9,10].

Tribocatalysis  has  recently  been  developed  as  a  cutting-edge 
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catalytic  technique.  Tribocatalysis  is  a  process  that  utilizes  the
positive and negative charges generated via the triboelectric effect
when  materials  with  significantly  different  triboelectric  polarities
undergo sliding contact, thereby driving catalytic reactions for the
decomposition  of  organic  pollutants  [11].  Considering  that  any
two different  materials  rubbing against  each other are  electrically
charged, there is a wide range of tribocatalysts to choose from. In
2019,  Li et  al. [12]  initially  reported  that  Ba0.75Sr0.25TiO3
nanoparticles  can  be  used  for  dye  decomposition  through
tribocatalysis.  Subsequently,  a  variety  of  catalysts,  including  ZnO
[13],  BaTiO3 [14],  TiO2 [15],  BiVO4 [16],  CaCu3Ti4O12 [17],  and
NiCo2O4 [18], have been developed for tribocatalysis. Despite the
increasing  research  on  tribocatalysis,  its  performance
improvement still faces great challenges.

A  crucial  factor  in  enhancing  tribocatalytic  performance  is
accelerating the charge transfer rate [19]. Doping other substances
in  materials  is  considered  an  effective  method  for  enhancing
charge  transfer  [20].  For  example,  Liu et  al.  [21]  doped  Sr  into
BaTiO3 and  demonstrated  that  Sr  doping  enhanced  the  charge
separation  capability,  thereby  promoting  its  tribocatalytic
performance.  Hu et  al.  [22] also prepared Fe-doped ZnO for the
tribocatalytic decomposition of rhodamine B (RhB) and indicated
that  the  decomposition  ratio  of  RhB  increased  from  53.4%  to
91.6% with Fe modification. Fe doping introduced both impurity
energy  levels  and  extra  electrons  into  ZnO,  lowering  its  work
function.  The  reduction  in  work  function  promotes  charge
separation,  enabling  easier  electron  movement  under
tribocatalysis and thereby boosting catalytic performance.

NiO, an abundant and environmentally benign transition metal
oxide,  is  widely  employed  in  diverse  areas,  such  as  catalysis,
sensing,  and  optoelectronics,  owing  to  its  excellent  electrical
conductivity,  thermal  stability,  and  photoresponsiveness  [23].  Its
combination  of  practicality  and  sustainable  supply  makes  NiO
particularly valuable in modern materials science [24]. In addition,
NiO is magnetic and easy to recycle after reaction [25]. However,
the  band  potential  of  the  NiO  semiconductor  catalyst  is  wide,
measuring  between  3.6  and  4.0  eV [26].  It  takes  more  energy  to
complete  carrier  separation  [27].  Theoretically,  doping  metal
elements  into  NiO  introduces  impurity  energy  levels  and
optimizes  its  electron  distribution,  which  enhances  the  electron
transfer  capacity  and  consequently  enhances  tribocatalytic
performance [28].

In this work, Co–NiO nanoparticles with different Co contents
were  synthesized  by  a  coprecipitation  method.  The  tribocatalytic
decomposition  of  RhB  by x wt%  Co–NiO  under  mechanical
stirring was studied, with an efficiency of 7 wt% Co–NiO reaching
96.7% within 120 min. The relevant decomposition rate constant
(k =  0.02613  min−1)  is  approximately  2.4  times  that  of  pure  NiO
(k =  0.01084  min−1).  The  recycling  experiment  verifies  the
universality and durability of the Co–NiO tribocatalyst. The effect
of  Co  doping  on  the  energy  band  structure  of  NiO  was
systematically  analyzed,  based  on  which  a  mechanism  for
tribocatalytic  dye  decomposition  was  proposed.  This  progression
enables  the  utilization  of  widespread  environmental  friction
energy for wastewater treatment.

2    Experimental

2.1    Materials
Nickel(II)  chloride  hexahydrate  (NiCl2·6H2O),  cobalt(II)  chloride
hexahydrate  (CoCl2·6H2O),  sodium  hydroxide  (NaOH),
rhodamine B (RhB), methyl orange (MO), methylene blue (MB),
poly(vinylidene  fluoride)  (PVDF), N-methyl-2-pyrrolidone

(NMP),  tert-butyl  alcohol  (TBA),  benzoquinone  (BQ),  ethylene
diamine  tetraacetic  acid  (EDTA),  5,5-dimethyl-1-pyrroline
N-oxide  (DMPO),  methanol  (CH3OH),  and  2,2,6,6-
tetramethylpiperidinamine  (TEMPO)  were  purchased  from
Anhui  Senrise  Technologies  Co.,  Ltd.  All  reagents  were  of
analytical grade quality.

2.2    Synthesis of NiO and Co–NiO nanoparticles
NiO  and  Co–NiO  nanoparticles  were  synthesized  via  the
coprecipitation  method.  NiCl2·6H2O  (1.54  g)  was  mixed  with
40  mL of  deionized  water,  followed by  stirring  until  a  consistent
mixture  was  achieved.  CoCl2·6H2O  with  different  amounts  was
introduced into the solution. After 30 min, 1 M NaOH was added
to  the  mixed  solution  until  precipitation  was  complete.
Subsequently,  stirring  continued  for  2  h  at  60  °C  to  produce  a
mixed  slurry.  The  filtered  slurry  precipitate  was  oven-dried  for
12 h after washing, followed by calcination at 550 °C for 3 h. NiO
and x wt%  (x =  3,  5,  7,  and  9)  Co–NiO  nanoparticles  were
harvested.

2.3    Material characterization
An X-ray diffractometer (XRD; D8 Advance, Germany) technique
verified the phase structure. Surface morphology was analyzed by
a  scanning  electron  microscope  (SEM;  Hitachi  SU8010,  Japan).
The specific surface area (SBET) and pore structure of the samples
were  measured  by  the  Brunauer–Emmett–Teller  (BET)  method
on an Autosorb iQ analyzer (USA). The RhB dye absorbance was
measured  with  an  ultraviolet–visible  (UV–Vis)
spectrophotometer (Techcomp, UV2300II, China). The elemental
composition  of  the  sample  was  analyzed  using  an  X-ray
photoelectron spectrometer (XPS; Kratos AXIS SUPRA+, Japan).
An electron spin resonance spectrometer (ESR; Bruker EMXnano,
Germany)  was  utilized  to  probe  the  active  species.  EIS
measurements  were  conducted  using  an  electrochemical
workstation  (CHI650E,  Shanghai  CH  Instruments  Co.,  Ltd.,
China).

2.4    Tribocatalysis experiment
Co–NiO nanoparticles (200 mg) were added to 30 mL of RhB and
stirred  with  a  polytetrafluoroethylene  (PTFE)  disk  at  room
temperature under dark conditions. The supernatant was taken to
measure  the  absorbance  at  regular  intervals,  and  the
decomposition ratio of the dye was calculated by Eq. (1) [29]:

D = (1− A/A0) × 100% (1)
where A is  the  absorbance  of  the  dye  in  the  decomposition
process; A0 is  the absorbance of the undecomposed dye; D is  the
decomposition ratio of the dye.

2.5    Active species experiment
Active  species  inhibition  assays  are  widely  used  to  reveal  the
regime  of  dye  decomposition.  TBA,  EDTA-2Na,  and  BQ  were
used  as  suppressants  of  hydroxyl  radicals  (·OH),  holes  (h+),  and
superoxide  radicals  (·O2

−).  The  effect  of  suppressant  addition  on
the  decomposition  performance  of  dyes  was  investigated  by
adding  2  mM  scavenger  to  RhB  solution  containing  Co–NiO
nanoparticles,  and  the  active  species  produced  was  further
investigated by employing ESR.

2.6    ESR assay for active species experiment
5 mL of deionized water and 5 mL of CH3OH were poured into
two  beakers  containing  200  mg  of  Co–NiO  and  0.05  mL  of
DMPO,  respectively.  The  mixture  was  mechanically  stirred  at
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600  r·min−1 using  a  PTFE  disk.  The  suspension  was  analyzed  by
ESR to identify ·OH and ·O2

− after a certain stirring time. 5 mL of
deionized water was added to a glass beaker containing Co–NiO
nanoparticles  and  0.05  mL  of  TEMPO,  and  h+ formation  was
examined by the same method.

2.7    EIS testing
First,  Co–NiO  nanoparticles  (50  mg)  were  mixed  with  PVDF
(40  mg).  The  mixture  was  thoroughly  ground.  Subsequently,
NMP  (400  μL)  was  added,  after  which  the  blend  was  stirred  for
30 min.  Finally,  the mixed solution was applied to the surface of
FTO  glass  (10  mm  ×  20  mm)  and  desiccated  at  60  °C.  The
resulting samples were used for the EIS test using a standard three-
electrode  system  (Pt  counter  electrode,  sample-coated  FTO
working  electrode,  and  saturated  calomel  reference  electrode)  of
an electrochemical workstation.

3    Results and discussion

3.1    Characterization of NiO and Co–NiO nanoparticles

3

The XRD patterns of the as-synthesized NiO and x wt% (x = 3, 5,
7,  and  9)  Co–NiO  are  shown  in Fig.  1(a).  All  samples  exhibit  a
hexagonal  phase  with  an Fm m space  group  (JCPDS  Card  No.
44-1159)  [30],  indicating  the  absence  of  structural  changes  after
Co  doping.  The  progressive  shift  of  the  enlarged  (111)  peak  at
2θ = 36°–38° toward lower angles with increasing Co content,  as
shown in Fig.  1(b),  is  ascribed  to  the  replacement  of  the  smaller
Ni2+ (0.605  Å)  by  the  larger  Co2+ (0.621  Å),  resulting  in  an
increased lattice  constant  [31].  The above results  suggest  that  Co
ions can partially displace Ni ions with similar ionic radii and are
well incorporated into the NiO lattice.

The morphological characteristics of NiO and 7 wt% Co–NiO
nanoparticles were investigated using SEM. As shown in Fig. 2(a),
the NiO nanoparticles are spherical with some agglomeration. The
particle  size  dispersion  of  NiO  nanoparticles  is  statistically
analyzed,  as  shown  in Fig.  2(b).  The  particle  size  of  the  NiO
nanoparticles  is  mainly  concentrated  in  the  40–120  nm  range,
with  an  average  particle  size  of  ~75  nm. Figure  2(c)  shows  the
uniformly  dispersed  grain  structure  in  7  wt%  Co–NiO
nanoparticles.  There  is  no  change  in  the  morphology  of  7  wt%
Co–NiO  compared  with  that  of  the  undoped  NiO.  Dopants
enable  significant  modulation  of  NiO  crystal  growth,  thereby
controlling the final sample size. Through statistical analysis of the

particle size dispersion of the Co–NiO nanoparticles, as shown in
Fig. 2(d),  the particle size of the Co–NiO nanoparticles is mainly
concentrated in the 30–80 nm range,  and the average size  of  the
particles  is  ~48  nm.  Co  doping  in  NiO  nanoparticles  introduces
lattice  strain,  which  inhibits  crystal  growth,  thereby  reducing
particle size and improving size uniformity [32].

XPS  characterized  the  elemental  components  of  the  prepared
NiO and 7 wt% Co–NiO. The survey spectra are shown in Fig. 3(a).
Elemental  analysis  of  7  wt%  Co–NiO  via  survey  scans  confirms
the  existence  of  Ni,  O,  and  Co.  The  Co  2p  high-resolution
spectrum  is  shown  in Fig.  3(b).  The  deconvoluted  peaks  at
780.44  eV  (Co  2p3/2)  and  795.57  eV  (satellite)  confirm  the  Co2+

oxidation  state.  The  high-resolution  O  1s  spectrum  is  shown  in
Fig. 3(c). Three peaks located at 528.77, 530.50, and 532.43 eV are
assigned  to  lattice  oxygen  (Ni–O),  oxygen  vacancies  or  metal
deficiencies,  and  adsorbed  oxygen  species  (O–H)  bonds,
respectively [33]. The high-resolution Ni 2p spectrum is shown in
Fig.  3(d).  The  Ni  2p3/2 peaks  occur  at  854.01,  856.09,  and
861.10 eV, corresponding to Niδ+ (0 > δ > 2), Ni2+, and its satellite.
Ni  2p1/2 peaks  at  872.21  and  879.22  eV  indicate  Ni2+ and  its
satellite [34].

The specific  surface area of  the catalyst  generally  influences its
catalytic  performance.  As  shown  in Fig.  4,  the  N2 adsorption–
desorption  isotherms  for  NiO  and  7  wt%  Co–NiO  show  a
characteristic  type IV pattern.  The  hysteresis  between adsorption
and desorption branches at 0.8 ≤ P/P0 ≤ 1.0—where P denotes the
equilibrium  adsorption  pressure  and P0 the  saturated  vapor
pressure at the experimental temperature—demonstrates that the
catalyst possesses a mesoporous structure [35]. This is additionally
substantiated by the pore size distribution curves, in which dV/dD
represents the rate of change of pore volume with pore diameter.
The specific surface area and pore volume of 7 wt% Co–NiO are
27.0410  m2·g−1 and  19.98  mm3·g−1,  respectively,  which  are  higher
than those of NiO (22.6084 m2·g−1 and 16.67 mm3·g−1, respectively).
The  catalytic  reactions  are  significantly  enhanced  owing  to  the
abundant active sites provided by large specific surface area of the
catalyst.  The  presence  of  mesopores  contributed  to  reduced
diffusion resistance and enhanced the availability of active sites.

3.2    Tribocatalytic performance of NiO and x wt% Co–NiO
nanoparticles
The  tribocatalytic  performance  of  NiO  and x wt%  Co–NiO
nanoparticles was evaluated by measuring the decomposition ratio

 

Fig. 1    XRD patterns of NiO and x wt% Co–NiO across 2θ ranges of (a) 20°–80° and (b) 36°–38°.
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Fig. 2    (a) SEM images and (b) size distribution of NiO nanoparticles. (c) SEM images and (d) size distribution of 7 wt% Co–NiO nanoparticles.
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Fig. 3    XPS spectra of NiO and 7 wt% Co–NiO: (a) XPS survey spectrum; (b) Co 2p; (c) O 1s; (d) Ni 2p.
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of RhB under dark conditions using a mechanically stirred PTFE
disk  at  600  r·min−1.  As  clearly  shown  in Fig.  5(a),  the  dye
decomposition  ratios  for  NiO,  3  wt%  Co–NiO,  5  wt%  Co–NiO,
7  wt%  Co–NiO,  and  9  wt%  Co–NiO  are  73.6%,  87.4%,  89.5%,
96.7%,  and  85.3%  (reaction  for  120  min),  respectively.
Subsequently,  the  reaction  rate  is  evaluated  through  fitting  data
using  the  pseudo-first-order  kinetics  mode  as  expressed  in
Eq. (2) [36]:

ln(A0/A) = kt (2)

where k represents the rate constant and t is the reaction time. The
k values  for  NiO,  3  wt%  Co–NiO,  5  wt%  Co–NiO,  7  wt%
Co–NiO,  and  9  wt%  Co–NiO  in Fig.  5(b)  are  0.01084,  0.01659,
0.01806, 0.02613, and 0.01552 min−1, respectively. With the growth
of  the  Co  doping  amount,  the  decomposition  ratio  of  RhB
increases, followed by a decrease. When the Co content is 7 wt%,
the decomposition ratio of RhB reaches the maximum. The 7 wt%
Co–NiO  nanoparticles  exhibit  a  decomposition  ratio  of  RhB
approximately  2.4  times  higher  than  that  of  pure  NiO.  This
enhancement stems from Co doping promoting carrier separation
and  charge  transfer  efficiency  in  NiO.  However,  excessive  Co
doping  can  lead  to  severe  recombination  of  hole–electron  pairs,
thereby reducing tribocatalytic performance [37].

The  effect  of  stirrer  speed  on  dye  decomposition  efficiency  is
systematically evaluated. The RhB decomposition ratios of 7 wt%
Co–NiO with stirring speeds of 200, 400, 600, and 800 r·min−1 are
49.8%,  79.8%,  96.7%,  and  92.1%,  respectively  (Fig.  6(a)).  The
decomposition  rate  constant  of  RhB  increased  with  increasing
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Fig. 4    N2 adsorption–desorption  isotherms  and  pore-size  distributions  (inset)
for (a) NiO and (b) 7 wt% Co–NiO.
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Fig. 5    (a) Kinetic study of RhB decomposition for NiO and x wt% Co–NiO, and (b) corresponding plot of −ln(A/A0) versus time. (c) Comparison of decomposition
ratios of NiO and x wt% Co–NiO on RhB after 120 min.
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PTFE  disk  stirring  speed  from  200  to  600  r·min−1,  reaching  a
maximum  value  of  1.3×10−1 min−1 at  600  r·min−1 (Fig.  6(b)).  The
observed  enhancement  is  attributed  to  the  elevated  stirring
speed,  which  promotes  dye  molecule  migration  to  the  catalyst
surface  and  thereby  increases  the  interaction  frequency  with
active  sites,  enhancing  the  overall  catalytic  efficiency  [38].  The
decline  in  RhB  decomposition  ratios  at  excessive  stirring  speeds
should  probably  be  attributed  to  catalyst  loss  caused  by  the
compromised rotational stability of the PTFE disk [39]. Therefore,
the  decomposition  ratio  at  800  r·min−1 is  lower  than  that  at
600 r·min−1.

The  interfacial  contact  area  between  PTFE  and  the  bottom  of
the beaker is a significant factor during RhB decomposition under
mechanical  stirring.  The  contact  area  is  varied  by  altering  the
shape of PTFE, as shown in Fig. 7. The contact areas of the PTFE
disk, cylinder, and shuttle with the bottom of the beaker are 240,
60,  and  4  mm2,  respectively.  The  decomposition  ratios  of  RhB
with the three shapes of PTFE are 96.7%, 48.8%, and 45.6% within
2  h,  respectively.  By  increasing  the  PTFE-beaker  contact  area,
more catalysts  are  concentrated at  the interface.  This  promotes  a
higher frequency of effective friction, driving the enhancement in
tribocatalytic performance.

The decomposition ratios of different organic contaminants as
evaluation  indicators  are  determined  to  test  the  environmental
universality  of  the  7  wt%  Co–NiO  nanoparticles,  as  shown  in
Fig. 8. The decomposition ratios of MB (75.3%) and MO (16.2%)
are less than that of RhB (96.7%).  The breakdown of the distinct
chemical  bonds  in  different  dye  molecules  usually  requires  a
specific  amount  of  energy.  In  the  RhB  molecule,  the  primary
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Fig. 6    (a) Impact of stirring speed on RhB decomposition ratio via 7 wt% Co–NiO nanoparticles and (b) corresponding plot of −ln(A/A0) versus time. (c) Comparison
of decomposition ratios of NiO and 7 wt% Co–NiO on RhB at different stirring speeds.
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Fig. 7    (a)  Kinetic  study  of  RhB  decomposition  and  (b)  comparison  of
decomposition ratios for 7 wt% Co–NiO using different PTFE shapes.
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bonds  are  C–N  and  C–C,  which  are  prone  to  breaking.  This
accounts for the molecule’s high decomposition ratio. In contrast,
the  lower  decomposition  ratios  of  MB  and  MO  are  due  to  the
existence of C=N and N=N bonds, which require higher energies
to  break  than  C–C  bonds  [40].  These  results  show  that  7  wt%
Co–NiO nanoparticles have general applicability against different
pollutants.

The  recyclability  of  catalysts  is  an  important  indicator  to
evaluate their stability in water treatment. As depicted in Figs. 9(a)
and 9(b), because the Co-doped NiO is magnetic, it allows for easy
separation  and  recycling. Figure  9(c)  shows  that  the  7  wt%

Co–NiO nanoparticles maintain stable tribocatalytic performance
after five consecutive cycles, with a decomposition ratio of 87.1%.
XRD  analysis  of  the  7  wt%  Co–NiO  nanoparticles  (Fig.  9(d))
revealed  no  change  in  the  characteristic  peaks,  validating  their
excellent cyclability and reusability.

4    Role of Co doping in enhancing tribocatalysis
It  has  been  proposed  that  the  tribocatalytic  mechanism  could
proceed  via  electron  transfer  or  leaps,  with  both  pathways
potentially  operating  concurrently  [41].  Since  NiO  is  a
semiconductor,  its  electronic  structure  can  absorb  energy
effectively  to  produce  electron–hole  pairs  [42].  The  UV–Vis
spectra  (Fig.  10(a))  reveal  that  Co  doping  extends  the  light-
absorption  range  of  NiO  and  improves  its  responsiveness  to
external  excitation,  thereby  contributing  to  the  observed
improvement  in  tribocatalytic  performance.  The  data  from
the  UV–Vis  spectra  are  transformed  using  Tauc’s  equation
(Eq. (3)) [43]:

(αhν)m = A(hν− Eg) (3)

where α is  the  absorption  coefficient; h is  Planck’s  constant; ν is
the  frequency  of  the  incident  photon; A is  a  constant; Eg
represents the band gap energy. The exponent m is determined by
the  nature  of  the  optical  transitions.  For  NiO,  a  direct  band  gap
semiconductor, m is taken as 2 [44]. The Tauc plot derived from
Eq. (3) is  shown in Fig.  10(b).  The band gap widths for the pure
NiO  and  7  wt%  Co–NiO  nanoparticles  were  3.09  and  2.81  eV,
respectively.  Co  doping  effectively  reduces  the  band  gap  of  NiO,
which  consequently  enhances  the  carrier  separation  efficiency.

 

7 wt% Co–NiO

Fig. 8    Tribocatalytic  decomposition  ratio  of  MO,  MB,  and  RhB using  7  wt%
Co–NiO nanoparticles.

 

Recycle number 2θ (°)

7 wt% Co–NiO(d)(c)

(a) (b)

Fig. 9    7 wt% Co–NiO nanoparticle  recycling utilization experiment.  (a)  Separated state  of  catalyst  and solution with magnet  and (b)  mixed state  without  magnet.
(c) RhB dye decomposition ratio and (d) XRD patterns of 7 wt% Co–NiO nanoparticles after five recycling experiments.
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Figure 10(c) shows the Mott–Schottky curves of 7 wt% Co–NiO.
The negative slope of the 7 wt% Co–NiO curve indicates that it is
a p-type semiconductor, whose valence band energy (EVB) is close
to the flat-band potential. The EVB is calculated to be 0.57 eV using
the standard hydrogen electrode equation. The ECB was calculated
as 2.24 eV using the empirical equation (Eq. (4)) [45]:

Eg = EVB − ECB (4)

To  shed  light  on  how  Co  doping  boosts  the  tribocatalytic
performance of NiO, EIS is employed to evaluate charge-transfer
behavior [46]. As shown in Fig. 10(d), the capacitive arc radius of
x wt% Co–NiO is reduced compared with that of NiO, indicating
decreases  in  both  the  solid-state  interfacial  layer  resistance  and
surface  charge  resistance.  This  reduction also  lowers  the  electron
transfer  energy  barrier,  which  enhances  the  charge  transfer
efficiency.  Among  the  catalysts,  7  wt%  Co–NiO  exhibits  a
significantly  smaller  radius  of  the  capacitive  resistance  arc  than
any  other.  This  indicates  that  it  possesses  lower  charge  transfer
resistance and superior charge carrier transfer efficiency, which is
beneficial for catalytic performance [47].

The capacity of a material to accept or donate electrons can be
assessed  using  the  work  function.  In  semiconductors,  the  work
function  is  derived  from  the  material’s  electron  affinity  energy,
Fermi  energy  level,  and  the  positioning  of  the  valence  and
conduction bands. For p-type semiconductors, the figure of merit
is computed as specified in Eq. (5) [48].

Ws = X+ Eg − (Efs − Ev) (5)

where Eg is the band gap value; Efs is the Fermi energy level; Ev is

the valence band value; Ws is the work function; X is the electron
affinity  energy.  As  NiO  is  a  p-type  semiconductor,  the  Fermi
energy level Efs is situated near the valence band, resulting in Efs −
Ev ≈ 0 [49]. The ionic radius of Co2+ (0.621 Å) exceeds that of Ni2+

(0.605  Å),  and  the  incorporation  of  Co  into  NiO  results  in  a
marginal  expansion  of  the  crystal  lattice,  in  accordance  with  the
principle  that  an  increase  in  atomic  radius  correlates  with  a
decrease in electron affinity energy [50]. Thus, Co doping reduces
the  electron  affinity,  which  is  consistent  with  the  experimental
observation  that  Co–NiO  has  a  narrower  band  gap  than  pure
NiO. Consequently, Co doping reduces the work function of NiO,
enhancing  its  electron  donation  capability  and  increasing  the
friction charge generated per unit area.

The  photoluminescence  (PL)  spectra  of  NiO  and  7  wt%
Co–NiO are analyzed in the 300–700 nm region to further assess
the  impact  of  Co  doping  on  carrier  transport. Figure  11(a)
illustrates that Co doping results in a substantial reduction in the
photoluminescence  intensity  of  NiO,  suggesting  that  Co  doping
improves  the  separation  efficiency  of  electron–hole  pairs.  The
fluorescence  lifetime  of  the  sample  is  further  calculated  to
compare  the  migration and separation of  internal  charges  before
and after doping by using Eq. (6) [51]:

τ = (A1τ21 + A2τ22)/(A1τ1 + A2τ2) (6)

where A1 and A2 are the pre-exponential factors, and τ1 and τ2 are
the corresponding radiative lifetimes.

As  shown  in Fig.  11(b),  the  average  fluorescence  lifetimes  of
7 wt% Co–NiO and NiO are 37.4913 and 4.5984 ns, respectively.
This suggests that Co doping improves the separation efficiency of

 

Fig. 10    (a) UV–Vis absorption spectra of NiO and 7 wt% Co–NiO. (b) Band gap and (c) Mott–Schottky curves of 7 wt% Co–NiO. (d) Electrochemical impedance
spectroscopy of x wt% Co–NiO.
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electron–hole  pairs  in  NiO  under  mechanical  excitation,  leading
to a carrier lifetime that is approximately 8 times longer.

5    Tribocatalytic mechanism
The function  of  active  species  in  dye  decomposition  is  evaluated
by conducting scavenger tests using TBA, EDTA-2Na, and BQ for
trapping  OH,  h+,  and·O2

−,  respectively.  As  shown  in Fig.  12,  the
decomposition  ratios  of  RhB  are  63%,  48.7%,  and  92.4%  with
EDTA-2Na, BQ, and TBA addition, respectively. The accession of
BQ gives rise to a remarkable decrease in the decomposition ratios
of RhB, indicating that ·O2

− plays a major role in the tribocatalytic
decomposition of RhB. However, it slightly decreases with EDTA-
2Na addition,  which  indicates  that  h+ plays  a  minor  role  in  RhB
decomposition.  After  the  addition  of  TBA,  the  RhB
decomposition  ratio  is  almost  unchanged.  The  results  verify  that
the principal active species for RhB decomposition are ·O2

− and h+,
and that ·OH has no role.

Building  on  the  evidence  from  radical  trapping  experiments,
ESR  analysis  was  performed  to  confirm  the  generation  of  active
radicals in the tribocatalytic system [52]. As shown in Figs. 13(a)–
13(c),  no active species are observed without mechanical  stirring.
However,  signals  of  ·O2

− and  h+ are  detected  after  30  min  of
stirring,  while  no  ·OH  signal  appears,  in  agreement  with  prior
trapping  experiments  that  confirm  that·O2− and  h+ are  formed
instead  of  ·OH.  This  is  because  ·OH  is  generated  by  the  direct
oxidation of water molecules by h+, which may react directly with
dye  molecules  and  participate  in  dye  decomposition  [53].  The
absence  of  the  ·OH  signal  is  attributed  to  the  Co–NiO  VB
potential  (+0.57  V)  being  incapable  of  oxidizing  OH− or  H2O,
which require redox potentials of +1.99 and +2.27 V, respectively
[54].  In contrast,  the CB potential  of  7 wt% Co–NiO is −2.24 V,
which exceeds the radical generation potential of O2/·O2

− −0.28 V
and allows the  catalyst’s  e− to  bond with O2 to  generate·O2

− [55].
The  highly  oxidizing  h+ and  ·O2

− produced  by  the  tribocatalytic
process further decompose the pollutants.

Referencing prior experimental research, the proposed possible
tribocatalytic  mechanism  of  Co–NiO  nanoparticles  for  dye
decomposition  is  plotted  in Fig.  14.  Triboelectrification  is
recognized  as  a  universal  phenomenon  inherent  in  natural
physical  processes.  When  two  materials  contact  each  other,  the
reduction  in  interatomic  distance  results  in  overlapping  electron
clouds. Electron transfer between atoms is enabled by the lowered
energy barrier resulting from overlapping electron clouds [56]. In
this process, the material losing e− acquires a positive charge, while

the  recipient  gains  a  negative  charge.  Based  on  the  triboelectric
series  and  empirical  law  of  triboelectricity,  catalysts  exhibit  a
higher  electron  affinity  than  PTFE,  while  PTFE  tends  to  lose  e−

more  readily  [57].  During  mechanical  stirring,  the  PTFE  disk
tightly  contacts  the  beaker  base  under  applied  pressure.  At  the
PTFE–beaker  bottom  interface,  continuous  friction  occurs
between  the  catalyst  and  PTFE,  reducing  their  interatomic
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Fig. 11    (a) PL spectra and (b) time-resolved PL spectra of NiO and 7 wt% Co–NiO.
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Fig. 12    (a)  Kinetic  study  of  RhB  decomposition  and  (b)  comparison  of  RhB
decomposition ratios for 7 wt% Co–NiO with different radical scavengers.
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distance  and  causing  electron  cloud  overlap.  This  diminished
interatomic  potential  barrier  facilitates  electron  transfer  between
the  materials.  Due  to  its  higher  electronegativity  relative  to  the
catalyst, PTFE preferentially attracts e− during friction, resulting in
electron  migration  from  the  catalyst  surface  to  PTFE.
Furthermore, the capacity to transport electrons during friction is
influenced  by  the  work  function  of  the  material.  It  is  easier  to
donate  electrons  during  frictional  electricity  when  the  work

function  is  lower  [58].  The  impetus  for  electron  transfer  in
triboelectricity  arises  from  the  disparity  (ΔΦ)  in  work  functions
between the two materials, as expressed by Eq. (7) [59].

ΔΦ = ΦA − ΦB (7)

where ΦA and ΦB denote  the  work  functions  of  the  respective
materials. When ΦA > ΦB, electrons migrate from B to A, resulting
in  A  being  negatively  charged  and  B  being  positively  charged.
When ΦA < ΦB,  electrons  migrate  from  A  to  B,  resulting  in  A
being  positively  charged  and  B  being  negatively  charged.  Due  to
the lower figure of merit of Co–NiO (4.54 eV) compared with that
of PTFE (5.75 eV) [60], the binuclear electrons from Co–NiO are
transferred  to  PTFE  by  friction,  resulting  in  the  Co–NiO  and
PTFE  surfaces  acquiring  positive  and  negative  charges,
respectively.

The negative charges accumulated on the PTFE surface reduce
dissolved O2 to ·O2

− [61]. Furthermore, the Co–NiO nanoparticles
absorb friction-derived mechanical energy, which excites electrons
from  the  valence  band  to  the  conduction  band.  Although  the
holes left in the valence band by this process cannot oxidize OH−

to  form  ·OH,  they  directly  participate  in  dye  decomposition.  In
parallel, electrons in the conduction band react with dissolved O2
to  generate  ·O2

−,  which  subsequently  contributes  to  dye
decomposition.

The tribocatalytic dye decomposition process can be described
by Reactions (8)−(11):

Co−NiO nanoparticles Friction−−−→ Co−NiO nanoparticles
+ h++e− (8)
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Fig. 13    ESR spectra of (a) ·O2
−, (b) h+, and (c) ·OH trapped by DMPO and TEMPO.

 

Fig. 14    Schematic  diagram  of  device  and  mechanism  for  tribocatalytic  dye
decomposition using Co–NiO nanoparticles.
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Co−NiO nanoparticles+ PTFE Friction−−−→
Co−NiO nanoparticles(q+) + PTFE(q−) (9)

O2 + e− → ·O−
2 (10)

h+
/ ·O−

2 +Dyes → Decomposition (11)

6    Conclusions
In  summary,  NiO  and x wt%  Co–NiO  nanoparticles  were
synthesized  and  utilized  for  the  tribocatalytic  decomposition  of
dyes.  The  findings  show  that  the  7  wt%  Co–NiO  catalyst
outperforms  the  others,  decomposing  96.7  wt%  of  RhB  within
120  min.  This  efficiency  is  2.4  times  higher  than  that  of  its
undoped  NiO.  The  incorporation  of  Co  into  NiO  tailors  its
electronic  band  structure,  sensitizing  the  material  to  external
mechanical  stimuli,  thereby  accelerating  charge  separation  and
interfacial electron transfer, and thereby collectively enhancing the
tribocatalytic  performance  for  dye  decomposition.  Additionally,
after five cycles, the 7 wt% Co–NiO catalyst decomposes RhB up
to  87.2%,  indicating  that  the  catalyst  has  good  recovery  stability.
Mechanistic  studies  further  showed  that  ∙O2

− is  the  main  active
species  responsible  for decomposing RhB. This  study’s  outcomes
underscore  the  effective  improvement  of  tribocatalyst
performance  through  the  incorporation  of  metal  elements,  and
future  work  will  continue  to  refine  the  design  of  more  efficient
tribocatalyst systems to broaden their applications.
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