Open Access Article. Published on 17 January 2025. Downloaded on 2/11/2026 6:06:19 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Materials
Advances

W) Check for updates ‘

Cite this: Mater. Adv., 2025,
6, 963

Received 25th November 2024,
Accepted 17th January 2025

Gian Andrea Rizzi,

DOI: 10.1039/d4ma01114g Oleg |. Lebedev

rsc.li/materials-advances

The sustainable production of hydrogen fuel through biomass-
derived ethanol valorization is directly dependent on the availability
of eco-friendly and efficient electrocatalysts for possible real-world
end-uses. To this aim, graphitic carbon nitride (JCN) supported on
flexible carbon cloths via electrophoretic deposition was functio-
nalized with nano- and ultra-dispersed ZnO and ZnFe,O,4
co-catalysts by cold plasma sputtering. The developed materials
were tested for the first time as electrocatalysts for the ethanol
oxidation reaction (EOR) in alkaline media, paving the way to the
implementation of promising and inexpensive noble metal-free
systems for green energy generation.

The significant overreliance on the fossil fuel reservoir has boosted
increasing attention on sustainable energy generation, compliant
with the ever more stringent environmental regulations."* Accord-
ingly, several efforts worldwide are dedicated to developing solu-
tions aimed at satisfying the global energy demand in a greener
perspective.> Among the viable processes, the ethanol oxidation
reaction (EOR) holds remarkable promise, thanks to the ethanol
(EtOH) high energy density (8.0 kW h kg™') and low toxicity.*
Besides being of importance for use in direct ethanol fuel cells
(DEFCs),> EOR can be coupled with the hydrogen evolution
reaction (HER) to upgrade biomass-derived ethanol, increasing
the return of energy investment in comparison to the more
investigated water splitting processes.® However, eco-friendly and
highly active electrocatalysts, as an alternative to the widely-used
Pt/C ones, are strictly necessary in order to implement such
processes for eventual real-world applications.
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In this context, graphitic carbon nitride (gCN) has become a
rising star over the last few years, thanks to its non-toxicity, low
cost, excellent stability, tuneable electronic structure, and Vis-
light response (Eg ~ 2.7 eV).°™® Nevertheless, its intrinsic
activity is limited by the low specific surface area and fast
recombination rate of photogenerated electrons and holes.'*
These drawbacks can be bypassed through controlled functiona-
lization with suitable co-catalysts'® containing metal centres,
whose introduction in gCN can yield multi-component systems
featuring improved properties.® Among the possible candidates,
ZnO, a wide band gap semiconductor (Eg ~ 3.4 eV),'® possesses
various appealing characteristics, such as high stability, environ-
mental friendliness, and good electron mobility."” Furthermore,
zinc ferrite (ZnFe,O,), a magnetic spinel-type system with a
narrower band gap (Eg ~ 1.9 eV),'® offers a good stability and
excellent redox properties,'® rendering it a valuable oxidation co-
catalyst thanks also to the presence of Fe(ur) centres, serving as
additional active sites. Nonetheless, such advantages are partially
eclipsed by the high electron-hole recombination, overshadow-
ing the resulting functional performances.*’

Based on the above observations, the combination of gCN
with ZnO or ZnFe,0, represents an amenable toolkit to fabri-
cate EOR (photo)electrocatalysts featuring improved functional
performances. The latter can be successfully achieved through
a modular construction of nano-heterojunctions accelerating
the reaction kinetics,”® and suppressing detrimental charge
carrier recombination processes.” Nonetheless, to the best of
our knowledge, no literature reports on supported gCN-ZnO
and gCN-ZnFe,0, electrocatalysts for the ethanol oxidation
reaction in alkaline media are available to date.

In the present study, we propose new photoelectrocatalysts
based on gCN architectures functionalized with nano- and
ultra-dispersed ZnO and ZnFe,O, for the EOR in alkaline
media. Material fabrication was performed using an original
multi-step preparation strategy, involving the electrophoretic
deposition (EPD) of gCN on high area, flexible carbon cloth
supports, followed by functionalization with ZnO and ZnFe,0,
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Scheme 1 Sketch of the multi-step route used for the preparation of gCN-based electrocatalysts. The photographs of the pristine carbon cloth and of a

representative sample are also displayed.

via radio frequency (RF)-sputtering from non-equilibrium plasmas
(Scheme 1). A multi-technique characterization using complemen-
tary techniques was carried out with particular focus on the
interplay between gCN and the introduced co-catalysts, investigat-
ing its influence on the ultimate photoinduced EOR performances.
As discussed below, the target systems yield an amenable activity
increase in comparison to the pristine gCN, along with a favour-
able operational stability.

Preliminary FT-IR analyses (see Fig. Sla and pertaining
comments, ESIt) evidenced the characteristic vibrational
modes of graphitic carbon nitride containing an appreciable
content of uncondensed amino groups. The band gap values
estimated from optical measurements (Fig. S1b and ¢, ESL;+
Eg ~ 2.3-2.4 eV) were lower in comparison to literature data,*’
suggesting an enhanced Vis-light harvesting for the target
specimens. Photoluminescence (PL) spectra (Fig. Sid, ESIt
and related observations) indicated that the strong emission
signal observed for bare gCN, originating from the recombina-
tion of photogenerated electrons and holes in graphitic carbon
nitride, underwent a marked decrease upon functionalization
with ZnO, and, even more, with ZnFe,0,. This phenomenon
evidenced the occurrence of an efficient charge transfer
between the system components, particularly in the case of
zinc ferrite, indicating that the recombination of photogener-
ated electrons and holes was favourably suppressed.

X-ray photoelectron spectroscopy (XPS) provided important
information on the system chemical composition. The analyses
(see also Fig. S2, ESIt) revealed the presence of C, N and O signals
for all specimens, along with Zn and Fe ones for functionalized
samples. The C 1s photopeak (Fig. 1a and Fig. S3a, ¢, S4a, ESIt)
was deconvoluted by five contributing bands: C, [binding energy
(BE) = 284.8 eV], due to both adventitious carbon and C-C bonds
from the carbon cloth substrate;>*" C, (286.3 eV), arising mainly
from C-NH, species (x = 1, 2) on gCN edges,>” but also from C-O-
C and C-OH groups arising from atmospheric exposure;*® C,
(288.8 €V), attributed to C in N-C—=N moieties within gCN;***> C,
(289.6 V), related to carboxylic and ester groups of the carbon
cloth;*® C4 (294.4 eV), due to m-electron excitation.>” Four com-
ponents contributed to the N 1s peak (Fig. 1b and Fig. S3b and d;
see also Fig. S4a, ESIf): N, (398.7 eV) and N; (399.8 eV) corre-
sponded to bi-coordinated (C-N=C, N,.)*® and tri-coordinated

964 | Mater. Adv, 2025, 6, 963-968

gCN-ZnFe,0, b)

gCN-ZnFe,0,

Intensity (a.u.)

LI [N B L L B LB B I rTrrjrrrrrry LI
296 292 288 284 404 400 396

BE (eV) BE (eV)
gCN-ZnO . C) d)
gCN-ZnFe,0, =32

Fe2p

j=172

o
~
—

I

o—

Intensity (a.u.)

gCN-ZnFe,0y

IIll]lllllllll]lllllllll] rryrrrrrrrrrrT

1040 1020 730 720 710
BE (eV) BE (eV)

Fig.1 (a) C 1s and (b) N 1s photopeaks for gCN-ZnFe,O4. (c) Zn 2p and
(d) Fe 2p photopeaks for gCN-ZnO and gCN-ZnFe,O4 specimens.

[N—(C);] nitrogen atoms in gCN,'" respectively; N, (401.2 eV),
assigned to amino groups;''”° N; (404.3 eV), ascribed to n-
electron excitation.® As displayed in Fig. S4b (ESI), the contribu-
tion of component N, to the N 1s peak increased according to the
following trend: gCN < gCN-ZnO < gCN-ZnFe,0,. This result
suggested a parallel enhancement of the -NH, group content in
the resulting materials, due to plasma bombardment during RF-
sputtering experiments, whose duration was appreciably higher for
ZnFe,0, functionalization in comparison to the ZnO one (see the
ESL,i § S1-S2). Details regarding O 1s peak fitting are reported in
the ESIT (§ S2, Fig. S5 and related comments, ESIt). In gCN-ZnO
and gCN-ZnFe,0, specimens, Zn 2ps, peaks (Fig. 1c) were located
at BE = 1021.9 and 1021.8 eV, and the corresponding Auger
parameters were estimated to be 2010.3 eV and 2011.0 eV [see
the ZnLMM Auger signals in Fig. S6, and eqn (S1) in the ESI{].

© 2025 The Author(s). Published by the Royal Society of Chemistry
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These results confirmed the successful functionalization of carbon
nitride with Zn0**?*' and ZnFe,0,,%*> respectively. Finally, the Fe
2pay, signal shape and position [Fig. 1d; BE(Fe 2p;/,) = 711.0 eV,
spin-orbit splitting = 13.1 eV] were consistent with previous
literature data for ZnFe,0,.”*>

Scanning electron microscopy (SEM) images displayed gCN
aggregates, characterized by a highly porous sheet-like mor-
phology, homogenously distributed over the underlying carbon
cloth fibres (Fig. S7, ESIt), whereas X-ray diffraction (XRD, Fig.
S8, ESIT) analyses showed only signals related to the substrate.
To attain a deeper insight into the system nano-organization
and spatial distribution of ZnO and ZnFe,0,, transmission
electron microscopy (TEM) and related analyses were under-
taken. The results obtained for gCN-ZnO (Fig. 2a and b; see
also Fig. S9a and b, ESIt) evidenced the open and sheet-like
morphology of gCN flakes. Elemental mapping (Fig. 2¢) con-
firmed the presence of Zn and O, besides C and N. The former
elements were characterized by a highly spread distribution,
which was related to the presence of low-sized ZnO nanocrystals
(Fig. 2d and e). As regards gCN-ZnFe,0, (Fig. 2f-h; see also Fig.
S9c¢ and d, ESIt), no diffraction rings attributable to ZnFe,O,
were detected, and no zinc ferrite nanoparticles could be dis-
tinctly observed. Nonetheless, a careful inspection of the image
reported in Fig. 2g highlighted the occurrence of bright contrast
dots, indicating the presence of ultra-dispersed ZnFe,Oy,, in line
with the EDXS and XPS results (see above). An analogous “quasi-
atomic” dispersion of nickel(u) oxide was recently reported by us
in gCN-NiO photoelectrocatalysts for the oxygen evolution
reaction, fabricated via a liquid phase route.®

The higher dispersion of ZnFe,0, with respect to ZnO could
be traced back to the higher amino group content for gCN-
ZnFe,0, in comparison to gCN-ZnO (see above). In fact, these
groups can act as grafting sites favoring co-catalyst anchoring
to gCN and yielding, at the same time, an enhanced co-catalyst
dispersion. As a result, charge transfer phenomena between the
system components can be deemed to be enhanced.®** Overall,
TEM results demonstrate an intimate contact between gCN and
oxide co-catalysts, in particular for ZnFe,0,, a favorable issue to
benefit from their mutual interplay and achieve improved
performances (see below).

The EOR activity of the target systems was investigated in
alkaline media. Fig. 3a displays linear scanning voltammetry
(LSV) curves recorded under illumination. As can be observed, gCN-
ZnO and gCN-ZnFe,0, specimens exhibited improved EOR perfor-
mances with respect to the pristine gCN, according to the following
trend: gCN-ZnFe,O, > gCN-ZnO > gCN. This trend was main-
tained even in the absence of ethanol in the reaction medium (Fig.
S10a, ESIT) and under dark conditions (Fig. S10b, ESIT). A compar-
ison of the curves plotted in Fig. 3a and Fig. S10 (ESIt) evidenced an
appreciable increase of the recorded j values upon ethanol addition,
confirming thus a direct EOR contribution to the overall current
density, and highlighting also the photoactive behaviour of the
target electrocatalysts. In addition, a favourable shift of the onset
potential to lower values for gCN-ZnO and gCN-ZnFe,O, was
observed (Table S1, ESIt). Overall, these results underscored gCN-
ZnFe,0, as the best photoelectrocatalyst in the whole family, as also

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) Bright field-high resolution TEM (BF-HRTEM) image of gCN-
ZnO. Inset: Magnified HRTEM image marking the distance between (001)
gCN lattice planes. (b) Low magnification high angle annular dark field-
scanning TEM (HAADF-STEM) image and (c) simultaneously acquired energy
dispersive X-ray spectroscopy (EDXS)-STEM elemental maps. (d) BF-HRTEM
image of gCN-ZnO, and corresponding electron diffraction (ED) pattern. (e)
HRTEM image and Fourier transform (FT) pattern, confirming the occurrence
of crystalline ZnO, for the nanoparticle framed in (d). The (001) ZnO lattice
planes are marked. (ff HAADF-STEM image of gCN-ZnFe,O4 and corres-
ponding ED pattern. (g) HAADF-STEM image for the same specimen,
showing ultra-dispersed ZnFe,O,4. (h) Low magnification HAADF-STEM
image and simultaneously acquired EDXS-STEM elemental maps for gCN—
ZnFego4.

testified by the applied bias photon-to-current efficiency (ABPE)
curves [Fig. 3b; see also the ESLT eqn (S3)]. This conclusion was
also validated by the analysis of the Tafel slope values (Fig. 3c and
Fig. S11, ESIT), that yielded the following trend: gCN > gCN-ZnO >
¢CN-ZnFe,0,, indicating a more favourable reaction kinetics for the

Mater. Adv, 2025, 6, 963-968 | 965
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Fig. 3 (a) LSV curves obtained in KOH 0.5 M + EtOH 0.5 M under

irradiation. (b) ABPE (%) curves. (c) Tafel slope values under irradiation,
corresponding to LSV curves in panel (a). (d) CA data for gCN, gCN-ZnO
and gCN-ZnFe,O4 at 1.55 V vs. RHE under illumination. EtOH introduction
in the working solution is marked by *. (e) Sketch of the interfacial band
structure for the gCN/ZnFe,O4 heterojunction.

functionalized electrocatalysts, and especially for gCN-ZnFe,O,.
Additional information was provided by chronoamperometry (CA)
measurements performed in bare KOH solutions for the first 30
minutes and, subsequently, in KOH + EtOH aqueous solutions
(Fig. 3d). Immediately after EtOH introduction, current density
underwent an increase to a maximum value and a subsequent
reduction, indicating the occurrence of ethanol consumption at the
electrode surface and an appreciable catalytic activity.**

Table S1 (ESIt) summarizes the most relevant electrochemical
data for the target electrocatalysts. Remarkably, current density
values and Tafel slopes for the present functionalized specimens
compare favourably with those reported so far for various electro-
catalysts for alcohol oxidation based on functionalized gCN or
carbonaceous materials, and even for different widely used
platinum-carbon ones (Table S2, ESIY).

In view of eventual real-world end-uses of the developed systems
for energy conversion and storage, the photoelectrocatalyst stability

966 | Mater. Adv., 2025, 6, 963-968

View Article Online

Materials Advances

is a primary issue.” As concerns materials based on graphitic carbon
nitride, the stability upon prolonged operation is, in general,
influenced by the synthesis route and by gCN combination with
other partners to yield composite systems.** In the present work, the
target materials were stored for six months under ordinary
laboratory conditions, and periodically subjected to electr-
ochemical tests (Fig. S12, ESIt). The latter evidenced the occur-
rence of very limited photocurrent density variations, under-
scoring thus an attractive operational stability, an important
figure of merit. This conclusion was further corroborated by post
operando XPS analyses (Fig. S13 and S14, ESIt), that enabled us
to discard any significant material alteration/degradation upon
prolonged testing. Altogether, these results evidence the
applicative potential of the present systems towards the imple-
mentation of environmentally friendly and cost-effective EOR
photoelectrocatalysts for practical applications.

In order to better elucidate the EOR performance enhance-
ment afforded by carbon nitride functionalization, the inter-
facial electronic interplay between the hosting gCN and the
functionalizing metal oxides (ZnO and ZnFe,0,) was examined.
The Fermi level (Ep) energy positions can be approximated to
the flat band potential, which, in turn, can be estimated by the
intercept of the square photocurrent density curves with the
potential axis®® (Fig. S15a, ESIt). Thanks to the difference between
Er and valence band (VB) edges (see Fig. S15b, ESIt), it was possible
to set the VB edge position for gCN, ZnO, and ZnFe,0O,. Subse-
quently, the optical band gap values of gCN (see above), ZnO
(3.37 eV)'® and ZnFe,O, (1.90 eV)'® allowed us to derive the
corresponding conduction band (CB) positions. The obtained
values were used to build up the diagrams proposed in Fig. 3e
and Fig. S16 (ESIT). For both gCN-ZnO and gCN-ZnFe,0,, a Z-type
junction scheme accounts for the improved EOR functional per-
formances in comparison to the pristine carbon nitride. The
experimental proof of the existence of this Z-scheme junction is
provided by the increase in the photocurrent density and ABPE
values observed upon gCN functionalization” (see above and Fig. 3a
and b). According to this configuration, photogenerated electrons
reach the counter-electrode through gCN (the main system com-
ponent in contact with the carbon cloth substrate), whereas
photoproduced holes remain localized on ZnO or ZnFe,O, VB
and promote the ethanol oxidation process. The present electro-
chemical tests revealed a better photoactivity for gCN-ZnFe,O,,
which can be explained based on the synergistic concurrence of
different phenomena. Besides the narrower ZnFe,O, band gap in
comparison to ZnO, a key factor is the ultra-dispersion of ZnFe,0,
in the hosting gCN, promoted by the highest amino group content
in the present electrocatalyst family (see above), which enhances
the contact area between the system components in comparison to
the case of gCN-ZnO. As a consequence, the improved gCN/co-
catalyst interaction due to the higher density of heterojunctions
promotes, in turn, a better activity thanks to the enhanced separa-
tion of photogenerated electrons and holes.® The latter effect is
further amplified by the increased -NH,. content for gCN-ZnFe,0,
in comparison to gCN-ZnO (see above and Fig. S4b, ESIt), since the
related defects may act as capturing sites, favorably affecting the
ultimate functional performances.”*®

© 2025 The Author(s). Published by the Royal Society of Chemistry
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In summary, this work was focused on the preparation and
characterization of gCN-ZnO and gCN-ZnFe,O, electrocatalysts
for ethanol oxidation in alkaline media. These systems, never
proposed to date for such end-uses, were fabricated using an
original synthetic route, involving: (i) the electrophoretic
deposition of graphitic carbon nitride on flexible carbon cloth
substrates; (ii) functionalization with ZnO or ZnFe,O, via
sputtering under mild operational conditions. The modular
formation of heterojunctions between the system components,
benefitting from their intimate contact, especially in the case of
ultra-dispersed ZnFe,0,, yielded an attractive catalytic activity
towards the EOR in alkaline media. This result, accompanied
by the good material stability, could trigger the development of
eco-friendly and cost-effective catalytic platforms contributing
to the broader goal of sustainable energy solutions for real-
world applications.
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