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Electrolytic glucose oxidation has garnered great interest in energy-saving hydrogen generation. However,
high charge-transfer resistance and inefficient active centers have been recognized as the primary issues for
poor electrochemical performance. In this study, for the first time, we offer a novel defect-rich CeO,/B-
Ni(OH), composite nanosheet-decorated Ni foam electrocatalyst (denoted as Ce@NF-GA), synthesized
via a unique hydrothermal approach under the co-participation of glycerol and acetic acid. The
employed characterizations unveil a close CeO,/B-Ni(OH), interfacial contact and numerous surface
defects (e.g., oxygen vacancies). Such features significantly result in a significant enhancement in the
electrocatalytic glucose oxidation reaction. Indeed, the obtained Ce@NF-GA catalyst demands a low
potential of 1.31 V to reach a current density of 10 mA cm~2. Additionally, Ce@NF-GA exhibited a high
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outstanding Faradaic efficiency of ~100% toward hydrogen production. The exploration of such novel
DOI: 10.1035/d4na00892h material discloses a potential pathway for the utilization of Ce-based electrocatalysts for the energy-

rsc.li/nanoscale-advances saving hydrogen production-coupled glucose oxidation reaction.

context, alkaline electrocatalytic hydrogen generation involving
the cathodic hydrogen reaction (HER) and anodic oxygen
evolution reaction (OER) has provided a viable platform for
industrial scale production. However, the sluggish kinetics of
OER-induced high overpotential has been perceived as the
critical obstacle causing enormous energy consumption.**

To address this issue, hybrid water electrolysis has been
established as a promising strategy in which anodic processes
could be driven by organic oxidation reactions.*™ Such an
approach offers two features as follows: (i) a significant decrease
in energy consumption and (ii) the generation of value-added

Introduction

Hydrogen fuel has been recognized as the most essential energy
carrier on the road toward a sustainable energy system.'” In this
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products.”>** Among these, the hydrogen production-coupled
glucose oxidation reaction (GOR) has garnered increasing
attention over the past few years."*** Glucose is an outstanding
candidate for electrochemical reactions owing to its favorable
oxidation thermodynamics. Thus, the glucose oxidation reac-
tion possesses a considerably low potential in comparison to
OER counterparts. For example, the conversion of glucose to
gluconic acid occurs at a potential of 0.05 V vs. RHE, which is
significantly lower than that of water oxidation (1.23 V).*”™**
Thus, a hydrogen production-coupled GOR offers two essential
features: (i) it remarkably reduces the overall working potential
in comparison to that of the conventional water splitting and (ii)

© 2025 The Author(s). Published by the Royal Society of Chemistry
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generates value-added chemical products (e.g., glucaric acid
and gluconic acid).*** Nevertheless, the performance of elec-
trocatalytic glucose oxidation has been suffering from low
activity owing to the multi-electron transfer process and poor
glucose-catalytic surface interaction.”

Noble metals (e.g., Au and Pt) have shown strong capabilities
toward the GOR. However, their high cost poses challenges for
further development.** Recently, non-precious metals have
made notable progress in enhancing electrocatalytic perfor-
mance. Among these, CeO,-based electrocatalysts have emerged
as potential candidates for electrochemical oxidation reactions
because of the following two features: (i) low-cost materials in
comparison to other rare metal/metal oxides; (ii) CeO, con-
taining numerous structural defects (e.g., oxygen vacancies)
provides an excellent scaffold for the adsorption and oxidation
of various substances.”® Indeed, CeO,-containing oxygen
vacancies are considered the primary factor for lowering energy
barriers and accelerating oxidation processes.>**’

However, high charge resistance and poor surface properties
(e.g., oxygen vacancies) could be considered as the primary
reasons, restricting the oxidation properties of the bare CeO,-
based electrocatalysts. Therefore, anchoring CeO, active centers
onto appropriate support (e.g., B-Ni(OH), nanosheet-based
materials) could be considered a viable tactic, which not only
enhances charge transfer but also efficiently harvests catalytic
oxidation capabilities of CeO,.

The presented investigation attempts to offer a novel defect-
rich CeO,/B-Ni(OH), nanosheets composite-decorated nickel
foam for the first time. Indeed, three essential aspects have
been explored as follows: (i) the preparation of CeO,/B-Ni(OH),
composite nanosheets could be obtained under the facile
hydrothermal synthesis, in which the co-existence of glycerol
and acetic acid significantly drives the formation of the nano-
sheet architecture; (ii) an intimate interfacial contact between
CeO, and B-Ni(OH), nanosheets significantly promotes the
charge transportation; and (iii) rich oxygen vacancies offer an
appropriate medium for the chemical conversion. Such
outcomes result in an outstanding enhancement in the elec-
trocatalytic performance of the prepared CeO,/B-Ni(OH),
composite nanosheets-decorated NF electrode towards the
energy-saving hydrogen production via electrocatalytic oxida-
tion of glucose.

Experimental

Chemicals

Cerium nitrate hexahydrate (Ce(NOs);-6H,0, 98%), glycerol
(C3H5(OH)3, 99%), and acetic acid (CH;COOH, 99%) were
purchased from Sigma-Aldrich. Nickel foam (NF) (99.9%) was
supplied by Beijing Beike 2D Materials Co., Ltd. All reagents
were used as received without further purification.

Synthesis of Ce-based electrocatalyst

Prior to use, a 3 cm X 3 cm piece of nickel foam (NF) was
soaked in 1 M HCI for 45 minutes, sonicated in 96% ethanol for
20 minutes, and then dried at 60 °C for 3 hours. For the
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synthesis of Ce@NF-GA, 0.2 g of Ce(NOs);-6H,0, 2 g of glycerol
and 0.95 mL of acetic acid were dissolved in 40 mL of distilled
water under continuous stirring for 2 hours. The resulting
solution was then transferred to a 100 mL Teflon-lined stainless
steel autoclave, containing the treated NF. The autoclave was
subjected to hydrothermal treatment at 160 °C for 16 hours.
After the reaction, the obtained Ce@NF-GA product was thor-
oughly washed with distilled water and ethanol, followed by
drying at 60 °C for 24 hours. For comparison purposes, the
Ce@NF, Ce@NF-G and Ce@NF-A catalysts were synthesized
using the same hydrothermal method but without glycerol and/
or acetic acid.

Characterization

The morphologies and microstructures of the as-prepared
catalysts before and after stability testing were characterized
by scanning electron microscopy (SEM, Tescan Vega) and
transmission electron microscopy (HR-TEM, Talos Fi200). The
crystallographic structure of the samples was examined by
powder X-ray diffraction (XRD, Smartlab, Rigaku). The Raman
spectra of the obtained samples were recorded on a LabRAM
Horiba spectrometer. X-ray photoelectron spectroscopy (XPS)
measurements were performed on a Thermo Fisher Scientific
instrument.

Electrochemical measurements

To study the electrocatalytic properties of the obtained elec-
trocatalysts, a three-electrode system was employed for all
electrochemical tests, where the as-synthesized sample, Hg/
HgO electrode, and platinum sheet served as the working
electrode, reference electrode, and counter electrode, respec-
tively. The catalytic activity of the samples was measured using
a CS310M EIS potentiostat/galvanostat with 1.0 M KOH and
0.1 M glucose solution as the electrolyte. Prior to testing, cyclic
voltammetry (CV) cycles were performed at a scan rate of 10 mv
s~ ! to activate the working electrodes. The polarization curves
were recorded using the linear sweeping voltammetry (LSV) with
the scan rate of 5 mV s~ '. The electrochemical impedance
spectroscopy (EIS) was carried out at a potential of 0.3 V with an
amplitude of 5 mV in the frequency range from 10 kHz to 0.1 Hz
in 1.0 M KOH and 0.1 M glucose electrolyte. The electrochem-
ically active surface area (ECSA) was determined based on the
double-layer capacitance (Cq;) value, which was assessed using
CV curves under various scan rates (10-100 mV s~ '). The cell
voltage test was performed using a two-electrode setup, with NF
and Ce@NF-GA electrodes serving as the counter and working
electrodes, respectively, at a scan rate of 5 mV s~ '. The stability
of catalysts was evaluated by a chronoamperometry test at
a constant potential of 1.30 V vs. RHE for 9 hours. The potential
values versus Hg/HgO were converted to the values versus RHE
according to the following equation.?®?*®

Erue = Evy gneo + 0.059 x pH + Efigieo (1)
Faradaic efficiency (FE) was determined from the following

equation.
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FE = nxFx Mproduct

x 100% 2
where n number of required electrons for the reaction (n = 2); m
is the mole of H, measured by the water displacement method;
F is the Faradaic constant, and Q is the total charge calculated
from chronoamperometry measurements.

Results and discussion

The synthesis of the defect-rich CeO,/B-Ni(OH),/NF electrode
was conducted via a one-step hydrothermal treatment,
involving the participation of nickel foam (NF), Ce*" cations,
glycerol and acetic acid at 160 °C for 16 hours, as shown in
Scheme 1 (see section Experimental for the details). It is note-
worthy that the presence of glycerol and acetic acid molecules
induces a synergistic effect, driving the formation of defect-rich
CeO,/B-Ni(OH), nanosheets onto the NF scaffold. Such prepa-
ration has been explored for the first time.

Fig. 1 depicts the scanning electron microscopy (SEM)
images of the as-prepared CeO,/B-Ni(OH),/NF composite
(denoted as Ce@NF-GA). In this context, SEM characterization
was performed for comparison of samples prepared without
acid or/and glycerol (denoted as Ce@NF-G, Ce@NF-A, Ce@NF
and bare-NF), as shown in Fig. S1-4.1 A smooth surface of the
bare NF sample could be observed. Ce@NF-G and Ce@NF
samples revealed the existence of tiny particles, whereas
Ce@NF-A displays a similar surface as the bare NF sample,
suggesting the limited deposition of the synthesized species. In
contrast, the Ce@NF-GA material exhibits a distinct
morphology, which involves the formation of nanosheets, as
shown in Fig. 1A-C. Furthermore, Fig. 1D-H exhibits the EDX
spectra and elemental mapping of the Ce@NF-GA sample in
which the Ce, Ni and O elements can be found. Moreover, Ce
atoms account for ~2%, suggesting uniform distribution of Ce
species onto the nanosheet scaffold.

Next, the Xray diffraction (XRD) characterization was
employed to investigate the crystallinity of the prepared
samples, as shown in Fig. 2A and B. All samples show two
characteristic peaks at 44.5° and 51.8° corresponding to (111)
and (200) facets of Ni metal (JCPDS No. 65-2865), respectively
(Fig. 2A). The Ce@NF sample exhibits the diffraction peaks
centered at two theta of 28.6°, 33.1°, 47.4°, 56.3°, 59.1°, which
could be indexed to the (111), (200), (220), (311) and (222) facets,
respectively, of the CeO, cubic phase (JCPDS No. 81-9325).3°33

Nikel Foam

ce*

Scheme 1 Schematic of the synthesis of the Ce@NF-GA sample.
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Fig.1 SEMimages (A-C), EDX spectra (D) and elemental mapping (E—
H) of the as-prepared Ce@NF-GA sample.

The XRD pattern of the Ce@NF-A sample reveals the charac-
teristic peaks located at 19.1°, 33.1°, 38.4° and 59.3°, corre-
sponding to the B-Ni(OH), phase (JCPDS No. 14-0117), whereas
the Ce@NF-G sample reveals peaks at 28.6°, 33.1°, 47.4°, 56.3°,

77 "
( )—Ce@NF~GA il B) 1 (110),1;71;:; U
P ¥ H oo »
Ce@NF-G l 0 ot
——Ce@NF-A 2000 ot
S| —ceanF - \sLo\-;{z‘m::aom
Ff s 1 3 i
2 o Ni 2 ) ooyt i
g1 ¢ ceo 2 N ]
8 + Ni(OH) | 3 40 e t
E 2 (200 14220} (a19)
= $ (101 1 Tz
| R
=TT Tl
10 20 30 40 50 60 70 10 20 30 40 50 6 70
2-theta (deg) 2-theta (deg)

Ce@NF-GA

Tom ; :
® ®

(CeO,, F§)
( Ni-O stretch)

( -OH stretch)

Intensity (a.u.)
Intensity (a.u.)

Ni-O-Ce

M

T T T T
200 300 400 500 600 700
Raman shift (cm-')

500 1000 1500 2000 2500 3000 3500 4000
Raman shift (cm™)

Fig. 2 XRD patterns (A), corresponding magnification of XRD patterns
(B) of the as-prepared samples, TEM and HR-TEM image (C and D) and
Raman spectra (E and F) of Ce@NF-GA.
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which could be assigned to the CeO, phase.***” The XRD
pattern of the Ce@NF-GA sample shows characteristic signals,
which can be indexed to B-Ni(OH), (JCPDS No. 14-0117).%%%°
Moreover, the XRD signals associated with the CeO, phase are
absent, which could be due to low loading and small particles of
CeO,.

Fig. 2C, D and S5t exhibit the high-resolution transmission
electron microscopy (HR-TEM) analysis of the prepared mate-
rials. As shown in Fig. S5,7 the lattice spacing values of 0.20,
0.27 and 0.31 nm corresponding to (220), (200) and (111) planes
of CeO,, respectively, are observed in Ce@NF and Ce@NF-G
samples.”*"** Additionally, an interplanar spacing of 0.25 nm,
attributed to the (001) plane of Ni(OH), phase, is also recog-
nized.* The TEM and HR-TEM images of the Ce@NF-GA
sample unambiguously exhibit the nanosheet structure, as
shown in Fig. 2C and D. The lattice spacing values of 0.25 nm
and 0.27 nm can be attributed to the (110) and (100) planes,
respectively, of the B-Ni(OH), nanosheets.**™”

Fig. 2E, F and S61 exhibit the Raman spectra of the prepared
catalysts. It can be seen that the Ce@NF-G and Ce@NF samples
exhibit three distinct regions as follows: (i) a characteristic peak
centered at 450 cm™ ' could be assigned to the F 2g vibration
mode of the cubic-fluorite CeO, structure (Fig. S67T); (ii) D bands
centered in the region of ~500-700 cm ™" could be assigned to
the oxygen vacancies (Fig. S61) and (iii) 2LO bands is located in
the region of 900-1200 cm™'. *** The Raman spectrum of
Ce@NF-GA shows a weak and redshift of the F 2g Raman peak
to 440 cm ™' (Fig. 2E), suggesting the formation of small CeO,
particles and the Ni species-CeO, interaction.***> This Ce@NF-
GA sample also exhibits a high peak ratio of D/F 2g bands
implying rich oxygen vacancies-containing CeO,.>*> Moreover,
notable peaks centered at 296, 486 and 3574 cm ' could be
attributed to E-type vibration of Ni-OH lattice, Ni-O stretching
and symmetric stretching mode of -OH of B-Ni(OH),, respec-
tively.*>* Interestingly, a peak arising at 619 ecm™"' could be
assigned to the Ni-O-Ce bond.****

X-ray photoelectron spectroscopy (XPS) was employed to
analyze the oxidation states of O, Ni and Ce elements in the
prepared materials. The survey spectrum reveals strong peaks
corresponding to Ce 3d, Ni 2p, O 1s and C 1s elements, which
are in good agreement with EDX studies (Fig. S71). The adven-
titious carbon centered at 284.8 eV was used for the calibration,
as shown in Fig. 3A. Fig. 3B shows the Ce 3d3;,, deconvolution of
the Ce@NF-GA sample. The peak centered at 903.2 eV is
attributed to the Ce** oxidation state, while four primary peaks
centered at 898.2, 900.7, 907.1 and 916.5 eV, could be assigned
to Ce*" .’ The Ce*'/Ce"" peak area ratio is found to be
significantly higher than those of compared Ce@NF and
Ce@NF-G samples (Table S17). In other words, the presence of
high Ce** concentration originated from the presence of
numerous oxygen vacancies in the Ce@NF-GA electro-
catalyst.>**® The Ni 2p XPS spectra of Ce@NF-GA can be sepa-
rated into three components, as shown in Fig. 3C. The peak
located at a binding energy of 853.2 eV corresponds to metallic
Ni.®* Additional peaks positioned at ~855.5 and 857.1 eV are
associated with Ni*" and Ni’" states, respectively.®>*® These
peaks shift to lower binding energy in comparison to the bare
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Fig. 3 XPS spectra of C 1s (A), Ce 3d (B), Ni 2p (C), and O 1s (D) of the
as-prepared samples.

NF sample, suggesting the strong interaction between the
formed CeO, and B-Ni(OH),, possibly due to charge transfer
effects or chemical bonding. The O 1s spectra of the Ce@NF-GA
sample (Fig. 3D) could be deconvoluted into three distinct
peaks centered at 529.8, 530.8 and 532.6 eV, which could be
assigned to lattice oxygen, low coordination oxygen species and
adsorbed H,0 molecules, respectively.®** Impressively, the area
percentage of surface oxygen was 35.4%, which is significantly
higher than those of compared Ce@NF (17.4%) and Ce@NF-G
(22.7%) samples. The mentioned findings suggest a high
concentration of surface oxygen (e.g.,, oxygen vacancies,
hydroxyl groups) in the Ce@NF-GA sample, which could
enhance the electrochemical performance.®® To this end, the
investigated characterizations of the Ce@NF-GA sample unveil
three essential points: (i) the formation of nanosheet CeO,/f-
Ni(OH), architecture resulting through a unique synthetic
method; (ii) the existence of the CeO,/B-Ni(OH), intimate
contact via a direct chemical bonding, which can facilitate the
charge transportation and (iii) the CeO,/B-Ni(OH), nanosheets
containing a numerous number of oxygen vacancies could
provide a robust platform for electrochemical processes.

The next attempt was aimed at evaluating the electro-
chemical performance of the prepared catalysts for the glucose
oxidation reaction (GOR). The electrochemical tests were con-
ducted in a standard three-electrode reactor, using the synthe-
sized samples, Hg/HgO and Pt as the working, reference and
counter electrodes, respectively. Fig. S87 illustrates the linear
sweep voltammetry (LSV) curves of Ce@NF-GA in 1.0 M KOH
solution with and without 0.10 M glucose. It can be seen that
the Ce@NF-GA electrode significantly promotes the glucose
oxidation reaction; the potential required for this sample to

Nanoscale Adv., 2025, 7, M8-1124 | 121
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achieve a similar current density is considerably lower than that
of the oxygen evolution reaction (OER) counterpart. This
suggests a potential alternative tactic for energy-saving
hydrogen production. The LSV results of the as-prepared
materials are presented in Fig. 4A. The Ce@NF-GA sample
requires a low potential of 1.31 V vs. RHE to reach the current
density of 10 mA ecm ™2, which is significantly lower than those
of Ce@NF (1.41 V vs. RHE) and bare-NF (1.44 V vs. RHE). The
obtained results, compared to previous studies, as shown in
Table S2,T indicate outstanding catalytic activity of the prepared
Ce@NF-GA electrocatalyst.

To investigate the kinetics of glucose electrooxidation, the
Tafel plot was derived from the LSV curve at a low scan rate of
0.1 mV s~ '. As shown in Fig. S97 the Tafel slope of Ce@NF-GA
(157 mV dec™") is significantly lower than that of the
compared samples. In other words, the prepared Ce@NF-GA
catalyst significantly promotes the conversion of glucose. The
electrochemical active surface area (ECSA) of the samples was
evaluated via CV measurements in the non-faradaic region (c.a.,
0.50-0.60 V vs. RHE), as depicted in Fig. 510.1 The Ce@NF-GA
possesses the largest Cgq of 2.4 mF cm ™2, which is signifi-
cantly higher than those of Ce@NF (c.a., 1.1 mF cm ™ ?), Ce@NF-
G (c.a., 0.8 mF cm™?), Ce@NF-A (c.a., 0.2 mF cm ™) and bare-NF
(c.a., 0.2 mF cm~?) samples. Furthermore, electrochemical
impedance spectroscopy (EIS) was conducted to investigate the
charge transfer of the prepared catalysts, as shown in Fig. 4B.
The Ce@NF-G displays the smallest charge-transfer resistance
compared to the rest of the samples, suggesting a high charge-
transfer capability of the Ce@NF-GA material. Undoubtedly,
rich defects CeO,/B-Ni(OH), nanosheet architecture-containing
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Fig.4 LSV curves (A), Nyquist plots (the inset: a fitted equivalent circuit
consisting of Rs, CPE, and R.) (B) of the as-prepared samples and
chronopotentiometry curves of Ce@NF-GA (C) and cell voltage
comparison of glucose electrolysis and water electrolysis with
Ce@NF-GA (D) at a scan rate of 5mV s,
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Ce@NF-GA catalysts could be considered the primary driver for
such outstanding activity performance.

To this end, the obtained CeO,/B-Ni(OH), nanosheets
configuration bears two essential features as follows: (i)
numerous CeO, catalytic sites to drive the catalytic steps of the
glucose oxidation and (ii) the intimate contact in CeO,B-
Ni(OH), significantly promotes the charge migration. In this
situation, such contact could build in an interfacial charge
polarization, **® encouraging electron flows from glucose to the
counter electrode.

Stability is one of the important factors in evaluating the
applicability of electrocatalysts in large-scale use. The chro-
nopotentiometry measurement was conducted as exhibited in
Fig. 4C. Notably, Ce@NF-GA displays stability with a decrease in
current density after 3 consecutive cycles (c.a., 9 working hours).
Additionally, the amount of the produced hydrogen was also
measured. The Ce@NF-GA produces the hydrogen evolution
rates of 0.15 and 0.8 mmol cm™> h™" at 1.30 V and 1.56 V vs.
RHE, respectively, corresponding to the Faradaic efficiencies of
~100%. Moreover, a Ce@NF-GA||NF cell requires a voltage of
1.61 V to reach the current density of 10 mA cm ™2 for the GOR
application, which is considerably lower than that of the OER
counterpart (1.85 V), as shown in Fig. 4D. These results suggest
that Ce@NF-GA exhibits outstanding catalytic efficiency,
making it a promising candidate for
applications.

Besides, SEM and XRD characteristics of the Ce@NF-GA
sample after a total of 9 working hours were investigated. As

electrochemical

shown in Fig. S11,T the morphology and elemental composition
remained virtually unchanged. Moreover, Fig. S121 exhibits the
XRD patterns of the Ce@NF-GA sample before and after the
stability test. Notably, a peak centering at two theta of 28.5°
appears in the post-catalytic sample, which could be attributed
to the CeO, (111) facet. This piece of evidence suggests the
agglomeration of CeO, particles, which is believed as the
primary reason for the decrease in current.

Conclusions

In summary, a unique and defects-rich CeO,/Ni(OH), nano-
sheets composite-decorated nickel foams were synthesized for
the first time. The co-existence of glycerol and acetic acid is the
paramount factor, driving the formation of the nanosheet
structure. The obtained material possessing an intimate inter-
facial CeO,-B-Ni(OH), contact, a high concentration of oxygen
vacancies offers an outstanding scaffold for the electrocatalytic
oxidation of glucose. Indeed, the Ce@NF-GA sample required
a low potential of 1.31 Vvs. RHE to reach a current density of 10
mA cm 2 Such achievements could be rooted in the large
electrochemical active surface and low charge transfer resis-
tance within the Ce@NF-GA electrocatalysts. Moreover, the
investigation of chronoamperometry illustrates the stability of
Ce@NF-GA with a slight decrease in the current density for 9 h,
corresponding to the FE of ~100%. This study offers a novel
strategy for developing a catalyst for energy-saving hydrogen
production via electrocatalytic glucose oxidation.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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