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Glycerol, a biodiesel by-product, is often discarded due to limited high-value utilization, resulting in resource waste and
increased environmental burden. Catalytic oxidation provides a potential route for converting glycerol into value-added
chemicals such as glyceric acid. Previous studies have demonstrated that Pt–Fe interactions can influence glycerol oxidation,
motivating further investigation of how Pt:Fe composition affects the structural and catalytic characteristics of CeO2-supported
catalysts. Here, we prepared Pt–Fe/CeO2 catalysts with varied Pt:Fe ratios, characterized them using transmission electron
microscopy (TEM), X-ray diffraction (XRD), and X-ray photoelectron spectroscopy (XPS), and evaluated their glycerol
oxidation performance using proton nuclear magnetic resonance (1H NMR) analysis. We hypothesized that varying the Pt:Fe
ratio would influence catalyst structure and glycerol oxidation performance. Characterization results showed that the CeO2
support retained a cubic fluorite structure, while the tested compositions exhibited differences in metal dispersion, Pt electronic
environment, and surface XPS spectral features. Among the three bimetallic Pt:Fe compositions evaluated, the 1:1 sample
showed the highest measured glycerol conversion of 85.6% and a relative glyceric acid contribution of 56.3% among the three
quantified products. These results indicate clear composition-dependent differences in both catalyst structure and endpoint
catalytic performance. This study provides an experimental basis for further investigation of composition–structure–performance
relationships in Pt–Fe/CeO2 catalysts and may help guide future optimization of glycerol oxidation systems.
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Introduction

Renewable resource valorization has become an important
area of catalysis because it can contribute to more efficient
resource utilization and reduced environmental impact. The
structural and compositional regulation of catalytic materials
is widely used to improve catalytic performance, and noble
metal-based catalysts have been extensively studied for oxida-
tion reactions.

Biodiesel production generates glycerol as a major by-
product, accounting for approximately 10% of the output by
mass. Because crude glycerol has limited direct high-value ap-
plications, its efficient valorization has attracted increasing at-
tention1–4. Catalytic oxidation can convert glycerol into high-
value chemicals such as glyceric acid, which has potential ap-
plications in fields such as medicine and biodegradable ma-
terials3,5–8. Its efficient conversion is therefore of interest in
catalysis, as it can reduce reliance on non-renewable chemical
raw materials while reducing the environmental burden asso-
ciated with biodiesel production.
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Pt-based catalysts have been widely studied as active com-
ponents in glycerol oxidation6,7,9–11. Fe incorporation can
modify the catalytic behavior and electronic environment of
Pt-based systems12–14, while CeO2 is widely used as a support
or promoter because its redox properties and metal-support in-
teractions can influence the structural and catalytic behavior
of supported Pt species5,6,15–17. Choi et al. (2022) reported
enhanced oxygen-storage-related properties in a Pt catalyst
supported on a mixed CeO2–ZrO2–Fe2O3 oxide system5.
Previous studies have reported composition-dependent elec-
tronic and catalytic changes in Pt-Fe-containing systems12–15.
However, further investigation is still needed to better un-
derstand how Pt-Fe composition influences the structure and
catalytic performance of CeO2-supported catalysts. Xiao et
al. (2017) focused on the Pt-Bi bimetallic system18–20. Jin
et al. (2016) investigated CeO2-supported Pt, Fe, and Pt-Fe
catalysts for liquid-phase glycerol oxidation12. Related stud-
ies of PtFex/CeO2 in other catalytic reactions have also re-
ported composition-dependent changes in electronic structure
and surface characteristics16. Therefore, further systematic
comparison of different Pt:Fe ratios may help clarify these

© The National High School Journal of Science 2026 | 1



composition-performance relationships.
Based on this, we prepared Pt–Fe/CeO2 catalysts with dif-

ferent Pt:Fe ratios. The structures were characterized by TEM,
XRD, and XPS, and the influence of the ratio was explored
in combination with catalytic experiments. Specifically, we
hypothesized that varying the Pt:Fe ratio would influence the
structure of the CeO2-supported catalysts and their glycerol
oxidation performance.

This study compared Pt–Fe/CeO2 catalysts with Pt:Fe
atomic ratios of 0.5:1, 1:1, and 2:1 under a fixed glycerol-
oxidation condition. The catalysts were characterized by
TEM, XRD, and XPS, and their catalytic performance was
evaluated by 1H NMR analysis. The objective was to examine
how Pt:Fe composition influences catalyst structure and glyc-
erol oxidation performance, thereby providing a basis for fur-
ther investigation of composition–structure–performance rela-
tionships in Pt–Fe/CeO2 catalysts.

Methods

Preparation of CeO2 Support and Pt–Fe/CeO2 Catalysts

The CeO2 support was prepared by the hydrothermal method:
0.868 g Ce(NO3)3·6H2O (analytical grade, Zesheng Biochem-
ical Technology (Shanghai) Co., Ltd.) was precisely weighed
and dissolved in 5 mL of deionized water, and then mixed with
8.419 g of NaOH (analytical grade, Beijing Tongguang Fine
Chemical Co., Ltd.) dissolved in 35 mL of deionized water.
After stirring for 5 minutes, it was transferred to the autoclave
and reacted at 100 ◦C for 24h. The product was centrifuged
and washed four times at 8000 rpm, dried at 70 ◦C for 24h,
and then ground to obtain a nanoscale CeO2 support.

The Pt–Fe/CeO2 catalysts were prepared by the equal-
volume impregnation method. A platinum precursor (Al-
addin Reagent Co., Ltd.; the exact chemical form could
not be independently verified from the retained records)
and Fe(NO3)3·9H2O (analytical grade, Aladdin Reagent Co.,
Ltd.) were used as the Pt and Fe precursors, respectively.
The Pt and Fe precursor solutions were prepared separately
in deionized water and then mixed to target nominal Pt:Fe
atomic ratios of 0.5:1, 1:1, and 2:1. The mixed precursor so-
lution was added dropwise to 10 mL of a CeO2 suspension
containing 0.1 g of the support, and the mixture was stirred
at 900 rpm for 2h at room temperature. A 2 mL aqueous
tetrabutylammonium borohydride solution containing 0.1287
g of tetrabutylammonium borohydride was then added as the
reducing agent. After stirring for an additional 30 min, the
product was washed with ethanol, centrifuged three times at
9000 rpm, dried at 70 ◦C for 12h, and ground to obtain the
final catalyst. Because bulk compositions were not measured
by inductively coupled plasma optical emission spectroscopy
(ICP-OES) or inductively coupled plasma mass spectrometry

(ICP-MS), all Pt:Fe labels in this manuscript refer to nominal
precursor ratios.

Material Characterization

Transmission electron microscopy (TEM) and energy-
dispersive X-ray spectroscopy (EDS) mapping were per-
formed using a JEM-2100 transmission electron microscope
operated at an accelerating voltage of 200 kV. The catalyst
morphology and metal-containing particle sizes were exam-
ined by TEM, while the spatial distributions of Pt and Fe were
evaluated by EDS mapping over a representative CeO2 sup-
port region.

X-ray diffraction (XRD) measurements were performed us-
ing an X-Pert3 Powder diffractometer with Cu Kα radiation
(λ = 0.15418 nm). The diffraction patterns were collected
over a 2θ range of 20◦–80◦ at a scan rate of 5◦ min−1. The
CeO2 crystal structure and detectable crystalline phases were
evaluated from the observed diffraction features.

X-ray photoelectron spectroscopy (XPS) measurements
were performed using an AXIS Supra photoelectron spec-
trometer with Al Kα radiation. Binding energies were cali-
brated using the C 1s peak at 284.8 eV. The Pt 4f, Fe 2p, and
Ce 3d regions were evaluated qualitatively from the available
spectra to compare composition-dependent differences in sur-
face chemical states.

Glycerol Oxidation

Glycerol oxidation was conducted in a high-pressure reactor.
Catalyst (0.05 g), NaOH (1.0 g), and 25 mL of 0.1 mol/L aque-
ous glycerol solution were added sequentially to the reactor.
After sealing, the reactor was purged three times with high-
purity oxygen to replace the air and then charged to an initial
O2 pressure of 0.8 MPa before heating. The reactor was then
placed in a constant-temperature water bath and the reaction
mixture was stirred at 800 rpm and 80 ◦C for 3h 20 min. No
pressure-time record during heating or reaction was available
for this revision. After the reaction, the reactor was cooled to
room temperature using ice water, and the remaining gas was
carefully released.

After the reaction, the solution was centrifuged at 9000 rpm
for 3 min, and the supernatant was analyzed using a 400 MHz
Avance III proton nuclear magnetic resonance (1H NMR)
spectrometer. Glycerol conversion was determined from the
decrease in the glycerol signal before and after reaction. The
relative distribution among the quantified products was calcu-
lated from the integrated 1H NMR peak areas after correction
for the number of protons contributing to each selected reso-
nance. The corrected integral for each product was calculated
as:
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Corrected integral =
Ii

Ni

where Ii is the integrated peak area of the selected resonance
for product i, and Ni is the number of protons represented by
that resonance.

Relative product distribution was then calculated according
to:

Relative contribution of product i (%) =
Ii/Ni

∑ j(I j/N j)
×100

where the denominator represents the sum of the proton-
corrected integrals of all quantified products. Replicate-level
values and standard deviations were unavailable in the re-
tained dataset and are therefore not reported.

Results

Catalyst morphology, crystal structure, surface chemical
states, glycerol conversion, and relative product distribution
for Pt–Fe/CeO2 catalysts with different Pt:Fe ratios are pre-
sented in Figures 1–3 and Tables 1–2.

Microscopic Morphology and Elemental Distribution of
the Catalyst

To examine the effects of Pt:Fe ratio on catalyst morphology
and metal dispersion, the samples were characterized by trans-
mission electron microscopy (TEM) using a JEM-2100 instru-
ment operated at an accelerating voltage of 200 kV, together
with energy-dispersive spectroscopy (EDS) mapping. Repre-
sentative images are shown in Figure 1. For the Pt:Fe = 2:1
sample (Figure 1A–F), the CeO2 support exhibited a rod-like
morphology with lengths of approximately 50–100 nm and di-
ameters of 10–20 nm. Local aggregation of metal-containing
particles was observed, with particle sizes of approximately
6–8 nm in the imaged regions. No clear lattice fringes were
resolved in the corresponding high-magnification image.

EDS mapping (Figure 1E–F) further indicated local Fe-rich
regions with overlapping Pt signals. In contrast, the Pt:Fe =
1:1 sample (Figure 1G–H) showed rod-like CeO2 with less
apparent aggregation. Metal-containing particles in the rep-
resentative 20 nm image were mainly observed in the range
of approximately 2–5 nm and appeared more uniformly dis-
tributed than those in the 2:1 sample.

In the representative regions shown, metal-containing par-
ticles were approximately 6–8 nm for Pt:Fe = 2:1 and approx-
imately 2–5 nm for Pt:Fe = 1:1. Local Fe-rich regions were
observed in the Pt:Fe = 2:1 sample, whereas the Pt:Fe = 1:1

sample appeared more uniformly distributed. The particle-
size comparison is qualitative because complete size distribu-
tions were not obtained.

Crystal Structure of the Catalyst

To analyze the crystal structure of catalysts with different
Pt:Fe ratios, the samples were characterized by X-ray diffrac-
tion (XRD, Cu Kα radiation, λ = 0.15418 nm, 2θ scanning
range: 20◦–80◦). The XRD patterns are shown in Figure 2.
All samples exhibited characteristic diffraction peaks of the
cubic fluorite CeO2, including the major reflections at approx-
imately 2θ = 28.5◦ and 33.1◦, indicating that the CeO2 crystal
structure was retained after metal loading. No distinct addi-
tional crystalline Pt- or Fe-containing phases were resolved
for the Pt:Fe = 1:1 and Pt:Fe = 2:1 samples within the detec-
tion range of the measurement. For the Pt:Fe = 0.5:1 sample,
weak additional features were observed near 2θ = 39.8◦ and
46.3◦.

Overall, the XRD patterns showed that the cubic fluorite
structure of CeO2 was retained across all tested Pt:Fe com-
positions. Additional diffraction features differed among the
samples, with weak peaks observed near 2θ = 39.8◦ and
46.3◦ for the Pt:Fe = 0.5:1 sample, while no distinct additional
metal-related peaks were resolved for the Pt:Fe = 1:1 and 2:1
samples.

Surface Chemical States

X-ray photoelectron spectroscopy (XPS) was used to compare
the surface spectra of the catalysts (Figure 3). Composition-
dependent spectral differences were observed in the Pt 4f,
Fe 2p, and Ce 3d regions. Because the original raw XPS
data were unavailable for complete peak fitting and re-
quantification, these spectra are discussed qualitatively, and
no oxidation-state percentages are reported.

Glycerol Catalytic Oxidation Performance

To evaluate the catalytic performance of Pt–Fe/CeO2 cata-
lysts, glycerol oxidation experiments were conducted at 80 ◦C
and an O2 pressure of 0.8 MPa, using 25 mL of a 0.1 mol/L
aqueous glycerol solution and 0.05 g of catalyst. The reac-
tion was carried out for 3 hours and 20 minutes. Glycerol
conversion and relative product distribution were determined
by proton nuclear magnetic resonance (1H NMR). The results
correspond to Tables 1 and 2.

Glycerol Conversion

As shown in Table 1, glycerol conversion varied with Pt:Fe
atomic ratio. The Pt:Fe = 0.5:1, 1:1, and 2:1 samples showed
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Figure. 1 Microstructure and elemental distribution of Pt–Fe/CeO2 catalysts with different Pt:Fe ratios. (A–D) TEM images of the Pt:Fe = 2:1
sample with scale bars of 50, 20, 10, and 5 nm, respectively. (E, F) EDS elemental maps of Fe and Pt, respectively, for the Pt:Fe = 2:1 sample
(50 nm scale bars). (G, H) TEM images of the Pt:Fe = 1:1 sample with scale bars of 50 and 20 nm, respectively.

Table 1 Effect of different nominal Pt:Fe atomic ratios on glycerol
conversion. Reported endpoint values lack standard deviations be-
cause replicate-level data were unavailable. Conditions: 80 ◦C, ini-
tial O2 pressure 0.8 MPa, 3h 20 min; see Methods.

Pt:Fe atomic
ratio

Glycerol conversion
rate (%)

0.5:1 65.3
1:1 85.6
2:1 72.8

glycerol conversions of 65.3%, 85.6%, and 72.8%, respec-
tively. The Pt:Fe = 1:1 sample had the highest measured con-
version.

Relative Product Distribution

The results in Table 2 show that the relative distribution among
the three quantified products varied with catalyst composition.
The nominal Pt:Fe = 1:1 sample showed a glyceric acid con-
tribution of 56.3%, the highest measured value among the
tested bimetallic compositions. Because the catalysts were
compared at different endpoint conversions and the available

analysis did not provide a complete carbon balance, these val-
ues are treated as endpoint relative distributions rather than
intrinsic catalyst selectivities. The observed differences may
be associated with composition-dependent structural and elec-
tronic characteristics, but the present data do not establish a
direct mechanistic relationship.

Discussion

This study examined how Pt:Fe ratio influenced the struc-
tural characteristics and glycerol oxidation performance of
Pt–Fe/CeO2 catalysts using three characterization techniques:
transmission electron microscopy (TEM), X-ray diffraction
(XRD), and X-ray photoelectron spectroscopy (XPS), and cat-
alytic oxidation experiments. Among the tested bimetallic
compositions, the Pt:Fe = 1:1 sample showed the highest mea-
sured glycerol conversion of 85.6% and a relative glyceric
acid contribution of 56.3% among the three quantified prod-
ucts. The characterization results also revealed composition-
dependent differences in metal morphology, diffraction fea-
tures, Pt electronic environment, and surface XPS spectral fea-
tures. These observations indicate that changing the Pt com-
position is associated with measurable differences in both cat-
alyst structure and endpoint catalytic performance.
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Figure. 2 X-ray diffraction (XRD) patterns of Pt–Fe/CeO2 catalysts with different Pt:Fe ratios. Blue: Pt:Fe = 0.5:1; Red: Pt:Fe = 1:1; Green:
Pt:Fe = 2:1.

Table 2 Relative product distribution among three quantified products for different nominal Pt:Fe atomic ratios. Reported values were nor-
malized to the sum of the proton-corrected 1H NMR integrals for glyceric acid, dihydroxyacetone, and glyoxal, as described in the Methods
section; they do not represent a complete carbon balance. Replicate-level values and standard deviations were unavailable. Reaction conditions
are identical to those in Table 1.

Pt:Fe atomic
ratio

Glyceric acid share
(%)

Dihydroxyacetone
share (%)

Glyoxal share
(%)

0.5:1 43.7 29.1 27.2
1:1 56.3 23.1 20.6
2:1 47.8 26.9 25.3

TEM observations suggested that the Pt:Fe = 1:1 sam-
ple contained smaller and more uniformly distributed metal-
containing particles in the representative regions examined
than the Pt:Fe = 2:1 sample. Such differences in morphology
may contribute to differences in catalytic behavior; however,
complete particle-size distributions and measurements of ac-
cessible active-site density were not obtained for all catalyst
compositions21,22. Therefore, the present data do not estab-

lish a quantitative relationship between particle dispersion and
catalytic activity. Similarly, the XRD results showed that the
cubic fluorite structure of CeO2 was retained across the tested
compositions, while differences in additional diffraction fea-
tures were observed. The absence of distinct metal-related
diffraction peaks is not interpreted as direct quantitative evi-
dence of metal dispersion.

The XPS spectra further showed composition-dependent
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Figure. 3 X-ray photoelectron spectroscopy (XPS) spectra of the Pt 4f (left), Fe 2p (middle), and Ce 3d (right) regions of Pt–Fe/CeO2 catalysts
with nominal Pt:Fe ratios of 0.5:1 (blue), 1:1 (red), and 2:1 (green). The spectra are presented for qualitative comparison only. Quantitative
peak fitting and oxidation-state percentages are not reported because the original raw XPS fitting data were unavailable.

differences in the surface chemical states of the catalysts. The
Pt:Fe = 1:1 sample exhibited a lower Pt 4f binding-energy fea-
ture than the other tested compositions, which is consistent
with a change in the electronic environment of Pt. However,
because binding-energy shifts can also be influenced by oxida-
tion state, particle size, metal-support interactions, and other
effects, the present XPS data are not considered direct evi-
dence of Fe-to-Pt electron transfer6,14,16,23,24. Composition-
dependent differences were also observed in the Ce 3d region.
Because the original XPS raw data were unavailable for com-
plete re-fitting and re-quantification, the Ce 3d spectra are dis-
cussed qualitatively; no oxidation-state percentages or quanti-
tative oxygen-vacancy values are reported.

Taken together, the structural and catalytic results suggest
that the Pt:Fe ratio influences several catalyst characteristics
that may contribute to glycerol oxidation performance. A pos-
sible interpretation is that differences in metal morphology
and surface electronic states contribute jointly to the ratio-
dependent catalytic behavior. However, this interpretation
should be regarded as a hypothesis rather than a demonstrated
mechanism. The present experiments do not isolate the indi-
vidual effects of Pt loading, Fe loading, Pt ratio, or oxygen-
defect concentration. In particular, because the total metal

loading was fixed while the Pt ratio was varied, the absolute Pt
and Fe contents also changed between samples. Therefore, the
higher activity of the Pt:Fe = 1:1 sample cannot be attributed
uniquely to a Pt-Fe synergistic effect.

The relative product-distribution results should also be in-
terpreted cautiously. For the nominal Pt:Fe = 1:1 catalyst,
glyceric acid represented 56.3% of the three quantified prod-
ucts, the highest measured contribution among the tested
bimetallic compositions. Dihydroxyacetone and glyoxal rep-
resented 23.1% and 20.6%, respectively, so 43.7% of the
quantified distribution was assigned to these two products.
However, previous studies have shown that glycerol oxida-
tion can yield multiple products and that product distribu-
tions depend strongly on catalyst composition and reaction
conditions1,2,7,18,25. Therefore, these values are considered
endpoint relative distributions among the quantified products
rather than intrinsic catalyst selectivities or a complete carbon
balance. Additional kinetic measurements at matched conver-
sion would be required to determine whether the observed se-
lectivity differences arise directly from catalyst composition.
Several limitations of the present study should therefore be ac-
knowledged. First, Brunauer–Emmett–Teller (BET) surface-
area measurements and quantitative measurements of acces-
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sible active sites were not available, limiting direct compari-
son of intrinsic catalytic activity. Second, complete particle-
size distributions were not obtained for all catalyst composi-
tions. Third, the original XPS raw data were unavailable for
complete re-fitting of the Pt 4f, Fe 2p, and Ce 3d regions, so
the XPS results are interpreted qualitatively. Fourth, indepen-
dent measurements of oxygen vacancies, such as Raman spec-
troscopy, O 1s analysis, or electron paramagnetic resonance,
were not performed. Fifth, relative product distribution was
determined from the available 1H NMR measurements with-
out an independent chromatographic method, and complete
carbon-balance information was not available. Replicate-level
values and standard deviations were unavailable in the re-
tained dataset. Finally, catalytic testing was performed under
a single reaction condition of 80 ◦C and an O2 pressure of 0.8
MPa, and selectivity was not compared at matched conversion.

Future work should address these limitations by including
monometallic Pt/CeO2 and Fe/CeO2 controls, catalyst series
with constant Pt or Fe loading, and additional Pt ratios near
1:1. BET measurements, complete particle-size distributions,
and activity normalized to accessible Pt sites would help sep-
arate composition effects from differences in active-site den-
sity.

Additional XPS measurements with complete raw-data
analysis, together with independent characterization of
oxygen-defect-related species, would strengthen interpreta-
tion of the electronic and surface-structural changes. Time-
dependent catalytic measurements, matched-conversion com-
parisons, product carbon balances, and complementary analyt-
ical techniques such as high-performance liquid chromatogra-
phy would also provide a more rigorous basis for evaluating
activity, selectivity, and reaction pathways.

Despite these limitations, the results demonstrate clear
composition-dependent differences among the Pt–Fe/CeO2
catalysts examined in this study. The Pt:Fe = 1:1 sample
showed the highest measured glycerol conversion and relative
glyceric acid contribution among the tested bimetallic compo-
sitions, together with distinct structural and surface-chemical
characteristics. These findings provide a basis for further
investigation of composition–structure–performance relation-
ships in Pt–Fe/CeO2 catalysts for glycerol oxidation, while
additional controlled experiments are required to establish the
underlying mechanism and determine whether the 1:1 compo-
sition represents a true optimum.
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