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By employing CuxO-CeO2 as the catalyst for Fenton-like H2O2 decomposition, the polishing performance of Al2O3 abrasives for SiC is
significantly enhanced through a synergistic chemical oxidation and mechanical abrasion.
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ABSTRACT: The high hardness and chemical inertness of SiC hinder its efficient material removal and surface planarization
during chemical mechanical polishing (CMP). Although Fenton-like reactions have been explored to promote SiC surface
oxidation, conventional physically mixed catalyst-abrasive systems often suffer from poor dispersion and require external fields to
enhance the catalytic reaction. The novelty of this work lies in the construction of integrated CuxO-CeO2/Al2O3 composite
abrasives, in which CuxO-CeO2 Fenton-like catalysts are directly supported on commercial Al2O3 abrasives to couple catalytic
oxidation and mechanical abrasion without external-field assistance. In SiC polishing, the composite abrasives deliver a material
removal rate of 538.45 nm/h and a surface roughness of 0.629 nm over 50 × 50 μm2, with a damaged layer thickness of 2.3 nm.
CeO2, owing to its low Mohs hardness and low elastic modulus, improves the wetting and frictional properties of the composite
abrasives and promotes the formation of active Cu+ species. The Cu+ species catalyze the decomposition of H2O2 to generate
highly oxidative ·OH radicals, which promote SiC surface oxidation and facilitate its subsequent removal by Al2O3 abrasives. This
synergistic mechanism involving Fenton-like oxidation and mechanical abrasion was investigated by combining transmission
electron microscopy and time-of-flight secondary ion mass spectrometry with electron paramagnetic resonance spectroscopy for
the identification of reactive radicals.

KEYWORDS: SiC, Al2O3, CuxO-CeO2, Fenton-like reaction, chemical mechanical polishing

1 Introduction

With the increasing demand for high-temperature-
resistant, radiation-resistant, and high-power electronic
devices in modern industries, third-generation
semiconductor materials such as silicon carbide (SiC), have
become indispensable for strategic applications. [1-3] The
application of SiC and diamond in integrated circuit and
semiconductor industry requires atomically smooth and
defect-free surfaces. [4, 5] However, its high hardness and
chemical inertness limit chemical reactions with acids or
bases at room temperature, making the precise polishing of
SiC a challenging task. [6, 7] Chemical mechanical polishing
(CMP), which integrates mechanical abrasion with chemical
reactions, widely employs ceria abrasives, enabling atomic-
level global planarization. [8-12] However, toxic and
corrosive slurries are usually used in conventional CMP,

resulting in the high waste treatment costs. [13] For example,
strong oxidizing agents such as KMnO4 are generally
required to promote surface oxidation of SiC. To address
these limitations, novel environmentally friendly CMP
processes were developed for diamond, silicon, copper,
sapphire, alloy, fused silica, quartz glass and epoxy resin, et
al. [14-21] Using the developed green CMP, atomic level
surfaces are garnered for the potential use in integrated
circuit and semiconductors. [22] These advances have
promoted the development of more sustainable CMP
processes while reducing the pollution to the environment.
[23]
In recent years, the Fenton reaction has garnered

significant attention within the CMP field. [24-26] The
Fenton reaction typically occurs at a pH of 2.5-4, where Fe2+
induces the catalytic decomposition of H2O2 to produce ·OH
radicals. Under the influence of ·OH, the SiC surface
undergoes oxidation reaction to form a softer and more
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chemically active SiO2 layer, thereby enabling efficient CMP
process. [27] Lu et al. analyzed the effect of ·OH
concentration on the chemical reaction rate on SiC surface.
The higher ·OH concentration, the faster chemical reaction
rate was achieved on SiC surface. [28] However, the Fenton-
CMP system requires operation in a strongly acidic
environment (pH < 3), which suffers from low abrasive
dispersity that limits the polishing performance.
Similar to Fenton reactions, Fenton-like reactions involve

advanced oxidation mechanisms, which produce radicals
through the activation of H2O2 or other oxidants by
transition metal-based catalysts or external energy sources
in non-conventional Fe2+/H2O2 systems. [29, 30] The
promising potential of Fenton-like system presents a new
avenue for advancing surface CMP technology for high
hardness materials such as SiC. Yuan et al. employed
ultraviolet (UV) light to assist the decomposition of H2O2

catalyzed by TiO2 to produce ·OH radicals, thereby
enhancing the polishing performance for SiC. A maximum
material removal rate (MRR) of 950 nm/h and a minimum
surface roughness (Sa) of 0.35 nm was achieved. [31] Deng
et al. performed electrochemical mechanical polishing for
SiC by anodizing SiC during polishing and an MRR of 3.62
μm/h was achieved. [32] Zhou et al. reported that the
polishing slurries containing Pt/C and Fe as catalysts
facilitated the production of more ·OH radicals, increasing
the MRR to over 120 nm/h for SiC, with a Sa of as low as 0.05
nm. [33] Chen et al. developed a novel polishing slurry
composed of Fe, graphene oxide (GO), and Al2O3. The slurry
achieved a MRR of 700 nm/h and reduced the average Sa to
0.6157 nm due to the enhanced dispersity of Fe with
addition of GO. [34] However, these techniques require the
use of external field devices (e.g., light, electric fields) or the
introduction of expensive materials, which not only
increases processing cost but also introduces challenge in
the dispersion of both the abrasives and the heterogeneous
catalysts in the polishing slurry, thereby affecting polishing
performance.
When polishing SiC surface with commercial abrasives

(diamond, Al2O3, CeO2, and SiO2), there are significant
limitations regarding the MRR or Sa (Fig. S1 in the Electronic
Supplementary Material (ESM)). Diamond is mainly utilized
for rough polishing (MRR: 1363.50 nm/h) but cannot
directly yield atomically smooth surface (Sa: 4.46 nm). Al2O3

abrasives, although providing high MRR (163.51 nm/h), tend
to leave microscopic scratches on the polished surface (Sa:
3.31 nm). CeO2, owing to relatively low Mohs hardness (~ 7),
exhibits limited effectiveness in the high-precision
planarization of SiC (MRR: 135.74 nm/h, Sa: 0.67 nm).
Colloidal SiO2 typically delivers a low MRR of 98.72 nm/h
with a Sa of 0.92 nm. Therefore, the development of novel
composite abrasives that can overcome the inherent trade-
off between polishing efficiency and precision is of
considerable scientific and practical significance.
Herein, this work develops novel composite abrasives by

integrating CuxO-CeO2 Fenton-like catalysts with commercial
Al2O3 abrasives. The introduction of CeO2 with low Mohs
hardness and elastic modulus enhances the wetting and
frictional properties of the abrasives, while promoting the
formation of Cu+ active species that catalyze H2O2

decomposition into highly oxidative ·OH radicals. The
synergistic contribution involving Fenton-like oxidation and
mechanical abrasion is elucidated through comprehensive
characterizations. The composite abrasives achieve a high
MRR of 538.45 nm/h for SiC with a Sa of 0.629 nm,
demonstrating their potential for efficient SiC polishing.

2 Results and discussion

2.1 Characterizations of CuxO-CeO2/Al2O3 composite
abrasives
A simple precipitation-calcination method was employed

to synthesize CuxO-CeO2/Al2O3 and other abrasives (Fig. S2
and Table S1 in the ESM). The phase composition, the
microstructure, and the valence states of the composite
abrasives were thoroughly characterized. Fig. 1(a) shows
the X-ray diffraction (XRD) pattern of CuxO-CeO2/Al2O3. The
characteristic peaks at 25.60°, 35.19°, 43.40°, and 57.58°
correspond to (012), (104), (113), and (116) crystal planes
of Al2O3 (PDF#97-000-9771), respectively. The four
characteristic peaks at 28.50°, 33.08°, 47.48°, and 56.34°
correspond to (111), (200), (220), and (311) crystal planes
of CeO2 (PDF#97-002-9046), respectively. The weak peak at
38.75° corresponds to (111) crystal plane of CuO (PDF#97-
001-6025). Fig. S3 in the ESM shows XRD patterns of the
other three abrasives, Al2O3, CuxO/Al2O3 and CeO2/Al2O3.
Only peaks of Al2O3 are observed for Al2O3 abrasives, while
peaks of CuO and CeO2 can be identified for CuxO/Al2O3 and
CeO2/Al2O3, respectively. These results preliminarily show
that Cu and Ce were successfully loaded onto Al2O3 particles
in the form of oxides.
The microstructure of CuxO-CeO2/Al2O3 composite

abrasives was further analyzed using scanning electron
microscopy (SEM) and transmission electron microscopy
(TEM). Fig. S4 in the ESM shows the morphology of the four
different samples, revealing that the individual Al2O3
particles exhibit irregular polygonal shapes with sharp edges,
measuring approximately 200-300 nm in size. CuxO/Al2O3,
CeO2/Al2O3, and CuxO-CeO2/Al2O3 composite abrasives
prepared by the precipitation-calcination method do not
differ greatly from Al2O3 in terms of morphology, with only
slight irregularities on the particle surface. In addition, the
energy dispersive X-ray spectroscopy (EDS) elemental
mapping image of CuxO-CeO2/Al2O3 composite abrasives also
shows that Cu or Ce elements are uniformly distributed on
Al2O3 surface (Fig. S5 in the ESM).
In the TEM image of CuxO-CeO2/Al2O3 composite abrasives

(Fig. 1(b)), the uniformly distributed nanoparticles (< 10
nm) are observed on the surface of Al2O3. High-resolution
transmission electron microscopy (HRTEM) image (Fig. 1(c))
shows that 0.25 nm, 0.31 nm, and 0.23 nm interplanar
spacings correspond to (104) plane of Al2O3, (111) plane of
CeO2, and (111) plane of CuO, respectively. The
corresponding EDS elemental mapping image (Fig. 1(d))
again shows that Cu and Ce elements are uniformly
distributed on Al2O3 supports. For CuxO/Al2O3 and
CeO2/Al2O3 composite abrasives, except the absence of CeO2

and CuxO, respectively, they show similar microstructure as
CuxO-CeO2/Al2O3 (Fig. S6 in the ESM). Table S2 in the ESM
shows the theoretical and actual contents (wt.%) of Cu and
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Ce in the three composite abrasives. The actual content is
slightly lower than the theoretical content, which can be
attributed to normal loss during the loading procedure.

Figure 1. Characterizations of CuxO-CeO2/Al2O3 composite abrasives. (a) XRD, (b) TEM, (c) HRTEM and (d) EDS elemental mapping images of
CuxO-CeO2/Al2O3 composite abrasives. Inset in (b) shows the image at high magnification. (e) Ce 3d XPS of CeO2/Al2O3 and CuxO-CeO2/Al2O3 composite
abrasives. (f) Cu 2p XPS and (g) Cu LMM Auger spectra of CuxO/Al2O3 and CuxO-CeO2/Al2O3 composite abrasives.

X-ray photoelectron spectroscopy (XPS) was used to
characterize the surface valence states of the four abrasives.
The presence of Al, O, Cu, and Ce elements is observed in the
XPS survey spectra (Fig. S7 in the ESM). Ce 3d XPS spectra
(Fig. 1(e)) can be fitted into five pairs of peaks, with two
sets of peaks (Ce 3d3/2 and Ce 3d5/2) typically denoted as u
and v, respectively. Among these characteristic peaks, v0, v1,
u0, and u1 correspond to Ce3+, while the remaining
characteristic peaks correspond to Ce4+. The results show
that both Ce3+ and Ce4+ valence states coexist in CeO2/Al2O3

and CuxO-CeO2/Al2O3composite abrasives. [35] In addition,
the Ce3+ concentration of CuxO-CeO2/Al2O3 was calculated to
be 43.07% by semi-quantitative calculation, which is higher
than that of CeO2/Al2O3 (37.55%). The reason is due to the
doping of Cu2+ species in CeO2 in addition to forming CuxO
phase. [36] These Ce3+ species promotes the strong
electronic interactions of Ce3+ + Cu2+ ↔ Ce4+ + Cu+, which
favors the formation of Cu+. [37, 38] Compared to
CuxO/Al2O3, the higher intensity of Cu+ peak in Cu 2p XPS
spectrum (Fig. 1(f)) and Cu LMM Auger spectrum (Fig. 1(g))

of CuxO-CeO2/Al2O3 composite abrasives indicate that there
are more Cu+ species are formed, consistent with the Ce 3d
XPS spectra. [38-40]
2.2 CeO2-Enhanced catalytic performance of CuxO-
CeO2/Al2O3 composite abrasives
Because the radicals produced from the Fenton-like

reaction show oxidizing property, rhodamine B (RhB)
degradation was employed as a model reaction to assess the
catalytic performance of various abrasives (Fig. 2(a), Fig. S8,
Fig. S9(a) and S9(b) in the ESM). The RhB degradation
efficiency are consistently higher with the addition of
different abrasives containing CuxO or CeO2 compared to
that in the absence of abrasives, with the highest
degradation reaction rate being observed for CuxO-
CeO2/Al2O3 composite abrasives (pseudo-first-order
reaction rate constant (k): 3.54 × 10-2min-1) > CuxO/Al2O3 (k:
0.81 × 10-2 min-1)> CeO2/Al2O3 (k: 0.61 × 10-2 min-1), which
indicates that CuxO is more active than CeO2 to catalyze the
H2O2 decomposition, while the reaction is further promoted
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when CuxO-CeO2 are combined together.
Fig. 2(b) shows the catalytic performance of CuxO-

CeO2/Al2O3 composite abrasives with different Cu:Ce molar

ratios. As the Cu content increases, the degradation
efficiency of RhB initially rises and then declines. This can be
attributed

Figure 2. Catalytic performance of CuxO-CeO2/Al2O3 composite abrasives. RhB degradation efficiency of (a) different abrasives, (b) CuxO-
CeO2/Al2O3 composite abrasives with different Cu:Ce molar ratios, (c) CuxO-CeO2/Al2O3 composite abrasives at different pH values, and (d) CuxO-
CeO2/Al2O3 composite abrasives with different scavengers at pH of 7. (e) DMPO-involved EPR spectra of CuxO-CeO2/Al2O3 composite abrasives and (f)
different abrasives in the presence of H2O2.

to insufficient active Cu sites participating the H2O2

decomposition at low Cu:Ce molar ratio. Further increasing
the Cu:Ce molar ratio to 3:1 leads to catalyst agglomeration,
thereby decreasing the catalytic activity. [41, 42] The highest
degradation reaction rate (k: 3.54 × 10-2 min-1) is observed
when the Cu:Ce molar ratio is 2:1 (Fig. S9(c) and S9(d) in the
ESM). Therefore, the Cu:Ce molar ratio was fixed at 2:1 in the
following experiments. Meanwhile, the degradation reaction
rates of RhB are highly dependent on the pH values. [43] At
pH of 7, CuxO-CeO2/Al2O3 composite abrasives show the
highest degradation reaction rate (Fig. 2(c), Fig. S9(e) and
S9(f) in the ESM). The production of HO2- at acidic condition
and O2 at alkaline condition by H2O2 decomposition are not
favorable for RhB degradation in aqueous solution. [44]
Radical scavenge experiments were performed to further

elucidate the type of radicals involved in the degradation of
RhB. A scavenger is a reagent that helps identify and confirm
the dominant active species by selectively inhibiting specific
radicals. [45] As shown in Fig. 2(d), Fig. S9(g) and S9(h) in
the ESM, when benzoquinone (C6H4O2, BQ, ·O2- scavenger)
was added, the degradation reaction rate (k) for RhB
decreased from 3.54 × 10-2 min-1 to 1.95 × 10-2 min-1. In
contrast, the addition of isopropanol (C3H8O, IPA, ·OH
scavenger) resulted in a significant drop of k value to only
0.28 × 10-2 min-1. The addition of IPA notably inhibited the
degradation of RhB, which indicates that ·OH radicals plays a
dominant role in Fenton-like reaction and is the primary
active species.
Electron paramagnetic resonance (EPR) spectroscopy was

employed to further identify the type of produced radicals in
the presence of H2O2 and CuxO-CeO2/Al2O3 composite
abrasives with DMPO (C6H11NO) as the trapping reagent. [46]
As shown in Fig. 2(e), two signals corresponding to ·OH
and ·O2- are detected, which is consistent with the results
presented in Fig. 2(d). Fig. 2(f) shows the EPR spectra of
different abrasives in the presence of H2O2. It can be
observed that the ·OH signal is scarcely detectable in the
absence of abrasives, as the content of ·OH produced by the
self-decomposition of H2O2 is minimal. However, when the
abrasives are introduced, the ·OH signal is significantly
enhanced, with CuxO-CeO2/Al2O3 composite abrasives
showing the highest signal intensity. These results suggest
that the presence of CuxO-CeO2 can efficiently catalyze the
H2O2 decomposition to produce more ·OH radicals.

2.3 CeO2-Enhanced polishing performance of CuxO-
CeO2/Al2O3 composite abrasives
The polishing tests were performed on SiC by UNIPOL-

1200S CMP equipment (Fig. S10 in the ESM). The as-
prepared abrasives exhibit a uniform appearance, while the
corresponding polishing slurry remains well dispersed
without obvious aggregation state. The polishing
performance (MRR and Sa) for SiC with different abrasives
was evaluated (Fig. 3(a) and 3(b), Fig. S11-S13 in the ESM)
by preparing polishing slurry. When the polishing slurry
contained only Al2O3 abrasives without the addition of
oxidizing H2O2, Al2O3 abrasives show very poor polishing
performance for SiC with a MRR of 131.44 nm/h and a Sa of
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7.596 nm. This suggests that the efficiency of mechanical
polishing without the assistance of chemical reaction is
limited. Upon introducing H2O2 as an oxidant, the chemical
mechanical polishing based on the synergistic effect of
chemical oxidation and mechanical polishing achieves a MRR
increased to 163.74 nm/h and a Sa of 3.143 nm. During CMP
process, SiC surface is subjected to brief high temperature
and friction under specific downward pressure and
rotational speed. These conditions also facilitate the
generation of ·OH radicals, thereby accelerating the
oxidation of SiC surface. The formation of a surface oxidation
layer on SiC by oxidant can improve the efficiency of
mechanical polishing. Meanwhile, the chemical oxidation
initially softens the surface layer, mitigating mechanical
damage of SiC surface. [47, 48]
When the composite abrasives (CeO2/Al2O3 and

CuxO/Al2O3) and H2O2 were employed, further improved
polishing efficiencies are obtained. CeO2/Al2O3 composite
abrasives show a MRR of 253.81 nm/h and a Sa of 1.707 nm
while CuxO/ Al2O3 composite abrasives show a MRR of
274.38 nm/h and a Sa of 1.301 nm. For CuxO-CeO2/Al2O3

composite abrasives, the highest MRR of 538.45 nm/h and
the lowest Sa of 0.629 nm are achieved, which is comparable
to the recently reported abrasives (Table S3 in the ESM). The
performance of CuxO-CeO2/Al2O3 composite abrasives was
also systematically compared with several emerging CMP
strategies, including catalysis-assisted CMP, UV-assisted
CMP, and mixed-abrasive CMP. The CuxO-CeO2 composite
abrasives integrate Fenton-like catalytic sites with Al2O3
abrasives, enabling efficient chemical-mechanical polishing
of SiC under mild conditions without the need for external
fields or strong oxidizing agents. These results suggest that
by introducing the Fenton-like catalysts (CuxO or CeO2) for
H2O2 decomposition, a higher degree of surface oxidation of
SiC can be achieved by generating more ·OH radicals as
discussed below. This enables synergistic effect of chemical
oxidation and mechanical abrasion, thus leading to
significantly improved polishing efficiency by CMP.
Meanwhile, CeO2 promotes the formation of active Cu+
species, therefore enabling the highest polishing
performance of CuxO-CeO2/Al2O3 composite abrasives, which
is consistent with its highest catalytic performance as
discussed in section 2.2. [37, 38]
Relying solely on roughness values across the entire

surface may not fully capture the spatial variations in
surface topography, as these values can be influenced by
random peaks or valleys. [49, 50] Therefore, to further
characterize the polishing performance of different
abrasives, two lines were collected in 2D surface images of
polished SiC for height difference measurements (Fig. S12(a)
in the ESM). As shown in Fig. S13 in the ESM, the curve with
CuxO-CeO2/Al2O3 (Fig. S13(f) in the ESM) exhibits the mildest
fluctuations, again showing the enhanced polishing
performance of CuxO-CeO2/Al2O3 composite abrasives.
Raman spectroscopy was employed to analyze the SiC

surface before and after polishing with CuxO-CeO2/Al2O3

slurry. Raman test points were marked by circles in Fig. S14
in the ESM. Raman spectrum (Fig. 3(c)) exhibits two
prominent characteristic peaks, E2 (TO) and A1 (LO),
corresponding to the transverse optical (TO) and

longitudinal optical (LO) modes of SiC, respectively. The E2
(TO) peak is located at approximately 790 cm-1, representing
the high-frequency phonon mode, while the A1 (LO) peak,
situated near 960 cm-1, corresponds to the low-frequency
longitudinal phonon mode. [51, 52] Mechanical processing
or pretreatment can induce lattice distortion, microcracks,
or defects on the surface, thereby enhancing phonon
scattering effects, which broadens the peak and reduces
peak intensity in Raman spectrum. Additionally, residual
stress in the damaged layer can further broaden the energy
distribution of the phonon mode. The characteristic SiC
peaks after polishing become strong, signifying a more
regular lattice structure and improved surface quality. A
broad peak in the range of 500-600 cm-1 is also observed in
the spectrum prior to polishing, which is attributed to the
surface damaged layer. [53] After polishing, this broad peak
at 500-600 cm⁻¹ significantly weakened, indicating the
removal of defects, microcracks, or amorphous regions on
the surface.
Compared with the rough and opaque unpolished SiC

surface, the SiC surface after polishing with CuxO-CeO2/Al2O3
composite abrasives exhibits a mirror-like finish (Fig. S15(a,
b) in the ESM). The optical morphology (Fig. S15(c, d) in the
ESM) and SEM images (Fig. S15(e, f) in the ESM) of SiC
surface further show that prior to polishing, the surface
exhibits numerous scratches and irregular pits, whereas
after polishing, the surface becomes smooth without
scratches and grinding pits. The thickness of the damaged
layer for SiC after polishing with CuxO-CeO2/Al2O3 composite
abrasives was characterized by cross-sectional TEM (Fig.
S15(g, h) in the ESM and Fig. 3(d, e)). The surface quality of
the polished SiC has been significantly improved, and the
thickness of the subsurface damaged layer is measured to be
approximately 2.3 nm, demonstrating the excellent polishing
performance of the composite abrasives.
The MRR and the Sa of SiC after polishing with CuxO-

CeO2/Al2O3 composite abrasives with different Cu:Ce molar
ratios are shown in Fig. 3(f) and Fig. S16 in the ESM. The
results indicate that as the Cu:Ce ratio increases, the MRR
initially increases and then decreases. At the Cu:Ce ratio of
2:1, the MRR reaches a peak value of 533.89 nm/h. However,
when the Cu:Ce ratio further increases to 3:1, the MRR
decreases to 423.93 nm/h. In contrast, Sa follows an
opposite trend, reaching its minimum value of 0.660 nm at
the Cu:Ce ratio of 2:1. These results is same as the trend
observed in catalytic performance (Fig. 2(b)).
Polishing experiments were also conducted for SiC using

CuxO-CeO2/Al2O3 polishing slurry with different pH values
(Fig. 3(g) and Fig. S17 in the ESM). As the pH value of the
polishing slurry increases from 5 to 9, both the MRR and the
Sa show notable non-linear trends. The highest MRR of
531.45 nm/h and the lowest Sa of 0.639 nm are obtained at
neutral pH of 7, which is consistent with the trend in
catalytic performance at different pH values (Fig. 2(c)). The
production of ∙OH radicals at pH of 7 accelerates the
formation of a soft oxide layer that can be removed by
mechanical polishing on SiC surface, thereby keeping a low
Sa value. The alkaline polishing slurry may induce excessive
hydration reaction on SiC surface, leading to a loose
structure prone to generating flaking defects during

Ju
st

 A
cc

ep
te

d



Nano Research | Vol. XX, No. XX Juan Liang et al.

6 / 48

mechanical polishing. [54]
In addition, the isoelectric point (IEP) of SiC and CuxO-

CeO2/Al2O3 composite abrasives are approximately 3.3 and
8.2, respectively (Fig. S18 in the ESM). When the pH lies
between 3.3 and 8.2, SiC workpiece and CuxO-CeO2/Al2O3

composite abrasives possess opposite charges, leading to

strong electrostatic attraction between them, which
enhances the contact and friction between the two materials.
[55]
Furthermore, the influence of abrasive concentrations

(Fig. 3(h), Fig. S19 and S20 in the ESM) and H2O2

concentrations

Figure 3. Polishing performance of CuxO-CeO2/Al2O3 composite abrasives. (a) MRR and (b) Sa of SiC after polishing with different abrasives. (c)
Raman spectra of SiC surface before and after polishing with CuxO-CeO2/Al2O3 composite abrasives. Cross-sectional (d) TEM and (e) HRTEM images of SiC
after polishing with CuxO-CeO2/Al2O3 composite abrasives. (f) MRR and Sa for SiC after polishing with CuxO-CeO2/Al2O3 composite abrasives with different
Cu:Cemolar ratios. MRR and Sa of SiC polishedwith CuxO-CeO2/Al2O3 polishing slurrieswith different (g) pH values, (h) abrasive concentrations, and (i) H2O2
concentrations.

(Fig. 3(i), Fig. S21 and S22 in the ESM) on the polishing
performance of CuxO-CeO2/Al2O3 composite abrasives were
studied. The MRR increases continuously from 228.54 nm/h
at 1 wt.% to 621.47 nm/h at 9 wt.% with increasing abrasive
concentrations (Fig. 3(h)). Conversely, the Sa exhibits a non-
monotonic trend, reaching a minimum value of 0.642 nm at
5 wt.%. At low abrasive concentrations (1-5 wt.%), the
polishing slurry shows low viscosity (Fig. S19 in the ESM),
enabling good flowability and uniform abrasive dispersity.
[56, 57] However, insufficient abrasives result in low MRR
values and the inadequately removal of mechanical damages
contributes to higher Sa values. In contrast, at higher
abrasive
concentrations (7-9 wt.%), increased viscosity promotes
abrasive agglomeration. While these larger agglomerates
enhance the MRR value, they concurrently induce

pronounced surface scratches, thereby increasing the Sa
value.
For H2O2 concentration, the change in the oxidation

reduction potential (ORP) of polishing slurry with different
H2O2 concentrations were measured (Fig. S21(a) in the ESM).
Higher H2O2 concentrations correspond to higher initial ORP
values (12 wt.% > 10 wt.% > 8 wt.%), signifying an increased
oxidation capacity. However, as the time extends, the ORP
value decreases gradually. Notably, the ORP decay rate is
faster for polishing slurries with higher H2O2 concentrations,
such as 12 wt.%, likely due to the scavenging effect of excess
H2O2 on ·OH. [58, 59] EPR measurement at varying H2O2

concentrations was carried out to study the scavenging effect
of excess H2O2 on ·OH. As shown in Fig. S21(b) in the ESM, at
the initial stage, the slurries containing higher
concentrations of H2O2 show markedly intensified ·OH
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signals. After 40 min, the ·OH signals of the slurries with 10
wt.% and 12 wt.% H2O2 attenuated to levels that were even
lower than those for the slurry with 8 wt.% H2O2 (Fig. S21(c)
in the ESM). This trend is consistent with the ORP results
and further confirms the scavenging of ·OH by excess H2O2.
Fig. 3(i) shows the MRR and the Sa of SiC after polishing
with slurries with different H2O2 concentrations. As the H2O2

concentration increases from 4 wt.% to 12 wt.%, the MRR
first increases and then decreases, reaching a peak value of
570.76 nm/h at 10 wt.%, the Sa follows an opposite trend,
initially decreasing and then increasing with a minimum
value of 0.637 nm being observed at 8 wt.%. Thus, to balance
the MRR value and the Sa value, the H2O2 concentration is
fixed at 8 wt.%.
Experiments have been also carried out to evaluate the

reusability and the storage stability of the composite
abrasives (Fig. S23 in the ESM). The CuxO-CeO2/Al2O3
polishing slurry were reused for 10 consecutive polishing
cycles. As shown in Fig. S23(a) in the ESM, the MRR for SiC
decreases gradually as the cycle number increases and drops
sharply after 8 cycles. After 10 cycles, the MRR is
approximately 360 nm/h. Meanwhile, the Sa remains
essentially unchanged during the 10 cycles, showing it
excellent reusability. Furthermore, a 14-day storage stability
test (Fig. S23(b) in the ESM) shows that the CuxO-CeO2/Al2O3
polishing slurry exhibits an approximately 40% decrease in
MRR, which may be attributed to the gradual decomposition
of H2O2 during storage due to the absence of a stabilizer in
the slurry. Therefore, this polishing slurry is recommended
to be used within 1-2 weeks.

2.4 Polishing mechanisms of CuxO-CeO2/Al2O3 composite
abrasives
The CMP process is influenced by both chemical oxidation

and mechanical polishing between the abrasives and the SiC
surface. For the mechanical polishing, the contact angle
between the aqueous polishing slurry and the workpiece
affects the degree of contact between the abrasives and the
SiC surface. Under simulated CMP condition, the contact
angles of polishing slurries containing various abrasives on
SiC surface are shown in Fig. 4(a). The contact angle of
deionized water on SiC is 57.32°. The contact angle increases
with the addition of Al2O3 (66.65°) polishing slurry, likely
due to the aggregation of abrasives which forms local
hydrophobic areas. This hinders the uniform contact
between the abrasives and the Al2O3 surface. The contact
angles for CeO2/Al2O3 (51.72°), CuxO/Al2O3 (55.66°), and
CuxO-CeO2/Al2O3 (46.48°) polishing slurries on SiC are all
lower than that of Al2O3 polishing slurry, with CuxO-
CeO2/Al2O3 polishing slurry exhibiting the smallest contact
angle. The polishing slurry composed of CuxO-CeO2/Al2O3

composite abrasives demonstrates strong wettability for SiC
surface, which can be attributed to the formation of hydroxyl
groups and oxygen vacancies on the abrasive surface. [37]
This also contribute to the improved polishing performance
of CuxO-CeO2/Al2O3 composite abrasives. Furthermore, CeO2,
with relatively low Mohs hardness of ~ 7, increases the
contact area between the abrasives and the hard SiC by
microstructure deformation. [60]
The friction behavior of abrasives on SiC is another factor

that influence the mechanical polishing efficiency. Therefore,
the dynamic friction coefficient change of different abrasives
were measured (Fig. 4(b), Fig. S24 in the ESM). The friction
coefficient of Al2O3 polishing slurry on SiC surface increases
rapidly during the first 50 s. As the friction time extended,
the coefficient gradually decreases and stabilizes at 0.34
after 600 s. This behavior indicates that Al2O3 abrasives
undergo significant abrasion during the initial contact with
SiC surface, resulting in strong collisions and friction. The
friction coefficient reduces as the sharp edges of Al2O3

abrasives are removed. In contrast, the friction coefficient of
CuxO-CeO2/Al2O3 polishing slurry on SiC surface remains low
during the first 50 s, and subsequently increases to a
relatively stable value of 0.26 after 600 s. According to the
principle of elastic-plastic deformation, the contact stress
between CuxO-CeO2/Al2O3 composite abrasives and the SiC is
relatively low because of the existence of CeO2 with lower
elastic modulus, which are more effective in achieving better
planarization while minimizing surface damage on SiC. [61-
63] In a typical CMP process, MRR generally increases with
higher friction coefficient between the polishing slurry and
SiC. However, the MRR is 163.74 nm/h with a Sa of 3.143 nm
when using Al2O3 polishing slurry. In comparison, the CuxO-
CeO2/Al2O3 polishing slurry with lower friction coefficient
achieves a higher MRR of 538.45 nm/h and a Sa of 0.629 nm.
This suggests that the mechanical polishing is not the main
factor that influence the CMP process for SiC.
To study the chemical oxidation process during CMP, SiC

was polished with both Al2O3 and CuxO-CeO2/Al2O3 polishing
slurries for 20 min. Afterward, the polished SiC was
characterized using SEM and time-of-flight secondary ion
mass spectrometry (TOF-SIMS). Upon immersion in Al2O3

polishing slurry, no significant change is observed on SiC
surface (Fig. S25(a) in the ESM). In contrast, numerous
clearly visible white circular spots with oxidized traces are
observed on SiC surface after immersed in CuxO-CeO2/Al2O3

polishing slurry (Fig. S25(b) in the ESM), showing a higher
degree of oxidation. [64]
In the TOF-SIMS analysis, the O⁻ fragments with a mass-

to-charge ratio of 16 are derived from the surface oxide
layer or the dissociation of adsorbed oxygen. The signal
intensity of these O- fragments is positively correlated with
the thickness of the oxide layer, as thicker oxide layers
provide more oxygen atoms available for ionization. [65] Fig.
4(c) and 4(d) show the distribution of O⁻ fragments on SiC
surface after immersed in Al2O3 and CuxO-CeO2/Al2O3

polishing slurries. The SiC surface treated with CuxO-
CeO2/Al2O3 polishing slurry shows a more uniform and
intense oxide layer signals (blue spots), again showing a
higher degree of oxidation as more ∙OH radicals are
produced from H2O2 with CuxO-CeO2/Al2O3 composite
abrasives.
XPS was also employed to examine the changes in SiC

surface before and after polishing with CuxO-CeO2/Al2O3

composite abrasives (Fig. S26 in the ESM). [37, 60] Prior to
CMP, peaks at 288.16 eV, 286.18 eV, 285.08 eV, 284.50 eV,
283.58 eV, and 282.18 eV in C 1s XPS spectra correspond to
C=O, C-O, Si4C4O4, C-C, Si4C4-xO2, and SiC, respectively. After
polishing, the peak intensity of C=O, C-O, and Si4C4O4
increased. Moreover, from Si 2p XPS spectra, peaks at 101.80
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eV, 101.28 eV, and 100.82 eV correspond to SiOxCy, Si-C-O,
and SiC, respectively. After polishing, a decrease of the peak
intensity for SiC is observed, while the peak intensity of
SiOxCy and Si-C-O increased, suggesting a notable oxidation
of SiC surface. Significantly, a peak at 103.12 eV, attributed
to SiO2, appeared, which indicates the oxidation or
hydrolysis of part of SiC to carbon-free silicon oxide.

TEM was employed to investigate the polishing and
removal mechanisms for SiC by CuxO-CeO2/Al2O3 composite
abrasives. Fig. S27(a) and S27(b) in the ESM show energy-
dispersive X-ray spectroscopy (EDS) elemental mapping
images of debris after polishing for SiC with Al2O3 abrasives.
Region 1 exhibits prominent signals of Al and O, while region
2 shows dominant signals of C and Si. The line scan profile in
Fig. S27(c) in the ESM further confirms that region 2 is

Figure 4. Polishing mechanisms of CuxO-CeO2/Al2O3 composite abrasives. (a) The contact angles of different polishing slurries on SiC surface. (b)
The dynamic friction coefficient between different polishing slurries and SiC surface. 3D TOF-SIMS images of O- fragments on SiC surface after
polishing with (c) Al2O3 and (d) CuxO-CeO2/Al2O3 composite abrasives.
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Figure 5. Polishing mechanisms of CuxO-CeO2/Al2O3 composite abrasives. (a) TEM image, EDS elemental (b) mapping images and (c) line-
scanning profile of SiC debris after polishing with CuxO-CeO2/Al2O3 composite abrasives. (d) Schematic diagram of CMP for SiC with CuxO-CeO2/Al2O3
composite abrasives.

primarily composed of SiC. This suggests that, after polishing
with Al2O3 abrasives, the dominant component in the debris
is SiC rather than oxidized SiC, and the removal of SiC occurs
through brittle fracture induced by the mechanical polishing
of Al2O3 abrasives. Fig. 5(a) and 5(b) show EDS elemental
mapping images of debris after polishing for SiC with CuxO-
CeO2/Al2O3 composite abrasives. CuxO and CeO2

nanoparticles remain supported on Al2O3 surface, indicating
the good structural stability of composite abrasives. The line
scan profile in Fig. 5(c) reveals an increase in the signal
intensity of Si and O, suggesting that the substance attached
to CuxO-CeO2/Al2O3 composite abrasives is likely Si-C-O as a
result of SiC surface oxidation. This is consistent with the
XPS analysis. Therefore, it can be concluded that, unlike the
solely mechanical removal mechanism of Al2O3 abrasives,
the polishing process with CuxO-CeO2/Al2O3 composite
abrasives is a combination of both chemical oxidation and
mechanical abrasion, where the SiC-based oxides rather than
SiC are removed.
Based on the above analysis, the CMP mechanism of CuxO-

CeO2/Al2O3 composite abrasives for SiC is proposed (Fig.
5(d), Fig. S28 in the ESM). CeO2 promotes the formation of
Cu+ active sites through Ce3+ + Cu2+ ↔ Ce4+ + Cu+, which
catalyze the Fenton-like decomposition of H2O2 into highly
oxidative ·OH radicals. The generated radicals oxidize the SiC
surface, forming a fragile oxide layer that is subsequently
removed by abrasive-induced mechanical action. The
synergistic chemical-mechanical interaction enables high-
efficiency polishing and produces an ultra-smooth SiC
surface.

3 Conclusions

A simple precipitation-calcination method was used to
prepare novel CuxO-CeO2/Al2O3 composite abrasives. The
CuxO-CeO2 catalyst for Fenton-like H2O2 decomposition
facilitates the production of highly oxidative ·OH radicals,
which effectively oxidizes the SiC surface to form a soft
oxidation layer. This accelerates the mechanical polishing
efficiency of Al2O3 abrasives. Additionally, the enhanced
wettability and the low dynamic friction coefficient of CuxO-
CeO2/Al2O3 polishing slurry increase the contact area while
minimize the surface damage of SiC. CuxO-CeO2/Al2O3

composite abrasives achieve a MRR of 538.45 nm/h and a
surface roughness of 0.629 nm for SiC through CMP. This
work extends the application of CeO2 in polishing from
conventional Si-based substrates to high-hardness materials.

Electronic Supplementary Material: Supplementary
material (experimental details, additional characterizations
including SEM images, XRD patterns, XPS spectra, HRTEM
images, EPR spectra, RhB degradation efficiency, and 3D surface
images of SiC after polishing et al.) is available in the online
version of this article at
https://doi.org/10.26599/NR.2026.94909100.
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1. Materials and Methods

1.1. Materials

Cerium nitrate (Ce(NO3)3·6H2O, 99.9%), copper nitrate (Cu(NO3)2·3H2O, 99.9%), aqueous ammonia (NH3·H2O, 25 wt.%), and

rhodamine B (C28H31ClN2O3, RhB, 99.7%) were purchased from Beijing Innochem Technology Co., Ltd. Hydrogen peroxide

(H2O2, 30 wt.%) was purchased from Sinopharm Chemical Reagents Co., Ltd. Al2O3 abrasives (99.9%) was purchased from

China Metallurgical New Materials Technology Co., Ltd. All chemical reagents were used directly without further purification.

1.2. Characterizations

X-ray diffraction (XRD) analysis was performed using a diffractometer (Panalytical, Netherlands) with Cu Kα radiation (λ =

0.15460 nm). Scanning electron microscopy (SEM) was performed using a scanning electron microscope (TESCAN MIRA LMS,

Czech). Transmission electron microscopy (TEM) was performed using a transmission electron microscope (FEI Talos F200X

G2, USA). X-ray photoelectron spectroscopy (XPS) was performed on a spectrometer (Thermo Scientific ESCALAB Xi+, USA), all

spectra were calibrated against C 1s main peak at 284.8 eV. The element content was analyzed by inductively coupled plasma-

optical emission spectrometry (ICP-OES, Agilent-5110, USA). Electron paramagnetic resonance (EPR) spectra were recorded

using an electron paramagnetic resonance spectrometer (Bruker EMXplus, Germany). The surface quality of SiC was measured

using a white light interferometer (UP-2000, Yantai, China). Raman spectra (LabRAM HR Evolution, Japan) were performed

using a 532 nm laser excitation to characterize the surface damaged layer of SiC. Elemental fragment distribution signals on

the material surface were analyzed using a time-of-flight secondary ion mass spectrometer (TOF-SIMS) (TESCAN GAIA3,

Czech). The absorption spectra of RhB aqueous solution before and after degradation were tested using a UV-vis

spectrophotometer (Shimadzu 2600i, Japan) in the range of 200-800 nm. The Zeta potential was measured on a ZTS1240 Zeta

Potential Transfer Standard particle size/potential meter (Panalytical, Netherlands). The static contact angle of the polishing

slurry and SiC was tested using a video contact angle measuring instrument (JY-82C, Chengde, China). The friction wear tester

(Brook UMT-5, USA) was used to test the friction performance of SiC in different polishing slurries through pin-on-disk contact.

1.3. Synthesis of composite abrasives

An appropriate amount of Cu(NO3)2·3H2O, Ce(NO3)3·6H2O and 15.00 g of Al2O3 were uniformly dispersed in deionized water

(100.00 g). After ultrasonic treatment for 30 min, NH3·H2O was gradually added to the mixture and the solution was stirred at

90 °C for 8 h. The precipitate was then separated by centrifugation, washed five times with deionized water, dried at 90°C, and
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calcined at 500 °C in air for 2 h to yield CuxO-CeO2/Al2O3 composite abrasives. Several control samples (CeO2/Al2O3 and

CuxO/Al2O3) were synthesized using a similar procedure, with variations in the molar ratios of the raw materials (Table S1 in

the ESM). CuxO-CeO2/Al2O3 was used to represent CuxO-CeO2/Al2O3 composite abrasives with Cu:Ce molar ratio of 2:1

throughout the text unless otherwise noted.

1.4. Catalytic performance of composite abrasives for RhB degradation

To measure the concentration of radicals, a color indicator (RhB) was employed as a probe. 20 mg of the sample was added

to 50 mL of a RhB aqueous solution (20 mg/L) and stirred for 30 min to reach adsorption-desorption equilibrium.

Subsequently, 40 mM H2O2 (0.2 mL) was introduced to the above solution, and the pH was adjusted to desired value using 1

mol/L NaOH or 1 mol/L HNO3. 2.0 mL of the solution was extracted from the reactor every 10 min and filtered through an

organic nylon membrane (0.22 μm), the absorbance of the RhB solution was measured at 554 nm using a UV-vis

spectrophotometer and the corresponding concentration was then calculated according to standard curves (Fig. S8 in the

ESM). The degradation efficiency of the RhB solution was determined using Eq. (S1) in the ESM, where C0 is the initial

concentration of RhB (mg/L), and Ct is the concentration of RhB after reaction (mg/L).

Degradation efficiency (%) = [(C0-Ct) / C0] × 100% (S1)

Eq. (S2) in the ESM is a pseudo-first-order reaction kinetic model, where k is kinetic constant (min-1) and t is the reaction

time (min).

ln(Ct) = −kt + ln(C0) (S2)

1.5. Polishing tests

The polishing slurry was prepared using 5 wt.% of abrasives, 8 wt.% of H2O2, and 87 wt.% of deionized water. Prior to the

polishing test, the pH of slurry was adjusted to desired value using 1 mol/L NaOH or 1 mol/L HNO3, and then subjected to

ultrasonic treatment for 30 min. The SiC was a 2-inch (50.8 mm) conductive 4H-SiC produced by Jingdian New Materials Co.,

Ltd. Prior to the experiment, the gravity sample holder was placed on a heating stage at 80 °C for 3 min. The SiC, which had

been cleaned with anhydrous ethanol, was adhered to the center of the sample holder using paraffin wax. After applying

pressure with a weight for 1 min, the sample holder was cooled to room temperature.

Polishing tests were performed on SiC by UNIPOL-1200S CMP equipment (Shenyang Kejing Co. Ltd.) (Fig. S10 in the ESM).

The polishing parameters were set as follows: polishing speed: 90 r/min, polishing pressure: 30 KPa, flow rate of polishing

slurry: 30 mL/min, polishing time: 60 min. MRR was calculated by the following Eq. (S3) in the ESM, where ρ is the density of

SiC (3.2 g/cm3), s is the area of the wafer, t is polishing time, m0 is the original mass of the wafer and m1 is mass of the wafer

after polishing. After polishing, Sa measurement was conducted using a white light interferometer, with a measurement range

of 50 × 50 μm2.

MRR = (m0-m1) / ρst (S3)

1.6. Radical tests

20 mg of CuxO-CeO2/Al2O3 composite abrasives and 40 mM H2O2 (0.2 mL) were added to three groups of RhB aqueous

solutions (20 mg/L, 50.0 mL), and the pH of the solutions was adjusted to 7. Subsequently, p-benzoquinone (1 mM, BQ, ·O2⁻

scavenger), isopropanol (1 mM, IPA, ·OH scavenger), and a blank control were added to the three solutions, respectively. The

addition of radical scavengers reduces the oxidative capacity of the system, thereby identifying the primary active species

during reaction.

EPR was employed to further detect the active radicals. To detect ·OH, the abrasives (5 mg/mL), 20 mM of C6H11NO (DMPO),

and 2 mM of H2O2 were added to 1 mL of H2O. For the detection of ·O2⁻, methanol was used as the solvent, as ·O2⁻ undergoes a

disproportionation reaction in water to produce H2O and O2, while other experimental conditions remained unchanged.

1.7. Friction tests

A pin-on-disk method was employed for the friction test. The friction pair consists of a fixed sample, such as a SiC wafer, and

a movable friction body, such as a polishing pad or steel pin. When a specific pressure is applied, the friction body contacts the

sample surface, simulating the frictional forces encountered in actual polishing process via reciprocating motion or rotation.
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The experiment evaluates the impact of different polishing slurries on tribological behavior, as reflected in changes to the

friction coefficient.

As illustrated in Fig. S24 in the ESM, a SiC sample with a side length of 10 mm was fixed to the bottom of the experimental

container. A polyurethane polishing pad, with a diameter of 8 mm, was attached to a steel pin, forming a friction pair with the

SiC, which was immersed in the polishing slurry. The friction pair was driven by an electric motor to perform linear

reciprocating motion along the X-axis. To closely replicate the polishing condition, the following parameters were employed: a

pressure of 30 KPa, a friction speed of 4 mm/s, a friction path of 8 mm, and a friction time of 10 min.
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2. Figures and Tables

Figure S1. (a) XRD, (b) polishing performance of the four commercial abrasives. SEM images of (c) diamond, (d) Al2O3, (e) CeO2, and (f) SiO2. 3D

surface images of SiC after polishing with different abrasives: (g) diamond, (h) Al2O3, (i) CeO2, and (j) SiO2.
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Figure S2. Synthetic route of CuxO-CeO2/Al2O3 composite abrasives.
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Figure S3. XRD patterns of (a) Al2O3, (b) CuxO/Al2O3, and (c) CeO2/Al2O3 composite abrasives.
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Figure S4. SEM images of (a) Al2O3, (b) CuxO/Al2O3, (c) CeO2/Al2O3, and (d) CuxO-CeO2/Al2O3 composite abrasives.

Ju
st

 A
cc

ep
te

d



Nano Research | Vol. XX, No. XX Juan Liang et al.

19 / 48

Figure S5. EDS elemental mapping images of (a) CuxO/Al2O3, (b) CeO2/Al2O3, and (c) CuxO-CeO2/Al2O3 composite abrasives.
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Figure S6. (a) TEM, (b) HRTEM, and (c) EDS elemental mapping images of CuxO/Al2O3 composite abrasives. (d) TEM, (e) HRTEM, and (f) EDS

elemental mapping images of CeO2/Al2O3 composite abrasives. The insets in (a) and (d) are the region where TEMwas performed at 100 nm.
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Figure S7. XPS survey spectra of Al2O3, CeO2/Al2O3, CuxO/Al2O3, and CuxO-CeO2/Al2O3 composite abrasives.

Ju
st

 A
cc

ep
te

d



Nano Research | Vol. XX, No. XX Juan Liang et al.

22 / 48

Figure S8. Linear calibration curve of the absorbance of RhB solution at 554 nm versus concentration.
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Figure S9. The pseudo first-order kinetic fitting curve and corresponding RhB degradation reaction rate constant (k) using (a, b) different abrasives,

(c, d) CuxO-CeO2/Al2O3 composite abrasives with different Cu:Ce molar ratios, (e, f) CuxO-CeO2/Al2O3 composite abrasives at different pH values, and (g,

h) CuxO-CeO2/Al2O3 composite abrasives with different scavengers at pH of 7.
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Figure S10. (a) Polishing equipment, (b) polyurethane polishing pad. Photographs of (c) Al2O3 abrasives, (d) CuxO-CeO2/Al2O3 composite abrasives,

and (e) CuxO-CeO2/Al2O3 polishing slurry.
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Figure S11. 3D surface images of SiC (a) before polishing, and after polishing with different abrasives: (b) Al2O3, (c) Al2O3 + H2O2, (d) CeO2/Al2O3 +

H2O2, (e) CuxO/Al2O3 + H2O2, and (f) CuxO-CeO2/Al2O3+ H2O2.
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Figure S12. 2D surface images of SiC (a) before polishing, and after polishing with different abrasives: (b) Al2O3, (c) Al2O3 + H2O2, (d) CeO2/Al2O3 +

H2O2, (e) CuxO/Al2O3 + H2O2, and (f) CuxO-CeO2/Al2O3+ H2O2.
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Figure S13. Height difference profiles of SiC (obtained from Fig. S12) (a) before polishing, and after polishing with different abrasives: (b) Al2O3, (c)

Al2O3 + H2O2, (d) CeO2/Al2O3 + H2O2, (e) CuxO/Al2O3 + H2O2, and (f) CuxO-CeO2/Al2O3+ H2O2.
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Figure S14. Images of SiC surface for Raman characterization (a) before and (b) after polishing with CuxO-CeO2/Al2O3 composite abrasives.
Ju

st
 A

cc
ep

te
d



Nano Research | Vol. XX, No. XX Juan Liang et al.

29 / 48

Figure S15. Photographs of SiC surface (a) before and (b) after polishing. Optical morphology images of SiC surface (c) before and (d) after polishing.

SEM images of SiC surface (e) before and (f) after polishing. (g, h) Cross-sectional TEM images of SiC after polishing. CuxO-CeO2/Al2O3 composite

abrasives were used for SiC polishing.
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Figure S16. 3D surface images of SiC after polishing with CuxO-CeO2/Al2O3 composite abrasives with different Cu:Ce molar ratios: (a) 1:3, (b) 1:2, (c)

1:1, (d) 2:1, and (e) 3:1.
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Figure S17. 3D surface images of SiC after polishing with CuxO-CeO2/Al2O3 slurries with different pH values: (a) 5, (b) 6, (c) 7, (d) 8, and (e) 9.
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Figure S18. Zeta potentials of SiC and CuxO-CeO2/Al2O3 polishing slurry at different pH values.
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Figure S19. Viscosity of CuxO-CeO2/Al2O3 polishing slurries with different abrasive concentrations.
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Figure S20. 3D surface images of SiC after polishing with CuxO-CeO2/Al2O3 slurries with different abrasive concentrations: (a) 1 wt.%, (b) 3 wt.%, (c) 5

wt.%, (d) 7 wt.%, and (e) 9 wt.%.
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Figure S21. (a) ORP curves, and corresponding DMPO-trapped EPR spectra of CuxO-CeO2/Al2O3 composite abrasives after (b) 5 min and (c) 40 min

with different H2O2 concentrations.
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Figure S22. 3D surface images of SiC after polishing with CuxO-CeO2/Al2O3 slurries with different H2O2 concentrations: (a) 4 wt.%, (b) 6 wt.%, (c) 8

wt.%, (d) 10 wt.%, and (e) 12 wt.%.
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Figure S23. (a) Polishing performance of CuxO-CeO2/Al2O3 slurry for SiC during 10 consecutive cycles. (b) Effect of storage time on the polishing

performance of CuxO-CeO2/Al2O3 slurry for SiC. 3D surface images of SiC after polishing with the reused slurry for (c) 1 cycle, (d) 5 cycles, and (e) 10

cycles. 3D surface images of SiC after polishing with the reused slurry stored for (f) 1 day, (g) 7 days, and (h) 14 days.
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Figure S24. Pin-on-disk friction test diagram.
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Figure S25. SEM images of SiC surface after immersed in (a) Al2O3 and (b) CuxO-CeO2/Al2O3 polishing slurries.
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Figure S26. (a) XPS survey, (b) Si 2p, and (c) C 1s XPS spectra of SiC before and after polishing with CuxO-CeO2/Al2O3 composite abrasives.
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Figure S27. (a) TEM image, EDS elemental (b) mapping images, and (c) line scan profiles of SiC debris after polishing with Al2O3 abrasives.

Ju
st

 A
cc

ep
te

d



Nano Research | Vol. XX, No. XX Juan Liang et al.

42 / 48

Figure S28. Atomic model of CMPmechanism for SiC with CuxO-CeO2/Al2O3 composite abrasives.
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Table S1. Synthetic conditions of various abrasives.

Cu(NO3)2·3H2O

(mmol)

Ce(NO3)3·6H2O

(mmol)

Al2O3

(g)

NH3·H2O

(mmol)

Al2O3 0 0 15.00 0

CuxO/Al2O3 5 0 15.00 10

CeO2/Al2O3 0 5 15.00 15

CuxO-CeO2/Al2O3 (1:3) 1.25 3.75 15.00 13.75

CuxO-CeO2/Al2O3 (1:2) 1.67 3.33 15.00 13.33

CuxO-CeO2/Al2O3 (1:1) 2.5 2.5 15.00 12.5

CuxO-CeO2/Al2O3 (2:1) 3.33 1.67 15.00 11.67

CuxO-CeO2/Al2O3 (3:1) 3.75 1.25 15.00 11.25
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Table S2. Theoretical (actual) contents and load efficiency of Cu and Ce.

Cu (wt.%) Ce (wt.%)

Theoretical Actual Ratio Theoretical Actual Ratio

CuxO/Al2O3 1.96 1.78 90.82%

CeO2/Al2O3 4.08 3.82 93.63%

CuxO-CeO2/Al2O3 1.41 1.09 77.30% 1.28 1.03 80.47%
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Table S3. Comparison of polishing performance of CuxO-CeO2/Al2O3 composite abrasives for SiC with reported abrasives (strategies).

Polishing slurry External field MRR (nm/h) Sa (nm) Ref.

CuxO-CeO2/Al2O3+H2O2 / 538 0.629 This work

SiO2+H2O2+TiO2 Light 107 0.423 [1]

SiO2+Fe3O4+H2O2 / 469 2.94 [2]

SiO2@MnO2+KMnO4 / 403 0.62 [3]

Diamond+Al2O3+Cu+GO/Fe3O4+H2O2 / 1650 2.2 [4]

TiO2/NDs/GO+H2O2 Light 600 1.170 [5]

Al2O3+NaHCO3+H2O2 / 220 0.287 [6]

mSiO2@Cds@CeO2+H2O2+PVP Light 123 0.211 [7]

Al2O3@MnO2+KMnO4 / 640 0.73 [8]

Diamond+Ag@AgCl+H2O2 Light 1757.6 0.45 [9]

GO+Al2O3+Fe+H2O2 / 700 0.615 [10]

SiO2+Fe3O4+H2O2+NaHCO3 Electric 260 0.127 [11]

Al2O3+CH3OH / 260 0.150 [12]

SiO2+H2O2+TiO2 Light 4050 1.09 [13]

Cr-SiO2+KMnO4 / 478 0.51 [14]

Al2O3@MIL-100(Fe) Light 417 2.17 [15]

MRE polishing pad (CIP@Fe3O4) magnetically 1760 0.313 [16]

MRE polishing pad (CIP)
magnetically

+Light
5019 0.368 [17]

Fe3O4+MoS2 / 1006 0.215 [18]

Plasma-assisted polishing (PAP) / 0.26 [19]

ECMP polishing pad (Diamond+Cu) Electric 1412 5.02 [20]

EDAP+ polishing pad (Diamond+Cu) Electric 930 0.33 [21]

GO+ H2O2+TiO2+Diamond Light 1725 1.138 [22]

FeSO4microcapsules+W0.5 CeO2 / 2391 0.617 [23]

BaTiO3 Piezo-CMP 0.45 [24]

BiFeO3 Piezo-Fenton 223.6 0.287 [25]

CeO2@C60 / 334 0.57 [26]

Sodium bismuth titanate nanospheres Light 154 0.386 [27]

Al2O3@MnO / 640.47 0.73 [28]

CeO2+ KMnO4+ NaHCO3+PVP / 646 0.073 [29]

Electrochemical anodization / 10140 0.34 [30]

Fe-doped CeO2 Light 114.23 [31]
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