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Significant efforts have been continuously devoted to the mastering of green catalysts for the oxygen

evolution reaction (OER), whose sluggish kinetics prevents a broad market penetration of water splitting

as a sustainable route for large-scale hydrogen production. In this extensive scenario, carbon nitride

(CN)-based systems are in focus thanks to their favorable characteristics, and, whereas graphitic CN has

been largely investigated, the potential of amorphous carbon nitride (a-CN,) systems remains almost

entirely unexplored. In this regard, our study presents a novel two-step plasma-assisted route to a-CN,

systems comprising ultra-dispersed, i.e. “quasi-atomic” Cu,O (x = 1, 2). The target materials were fabri-

cated using an original strategy consisting in the magnetron sputtering of a-CN, on conducting glasses at

room temperature, followed by functionalization with low Cu,O amounts by radio frequency (RF)-sputter-

ing, and final annealing under an inert atmosphere. The tailoring of the Cu,O co-catalyst content and

spatial dispersion, as well as the overall composite features as a function of preparative conditions,

enabled a direct modulation of the resulting OER performances, rationalized based on the formation of
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1. Introduction

Meeting the ever-growing global energy demand in an environ-
mentally friendly manner, especially starting from renewable
sources, is of paramount importance to promote a greener
economic and social growth in the actual scenario.’ As an
alternative to the unsustainable use of fossil fuels, green
hydrogen has gained strategic interest as a clean energy vector
for the transformation of the future energy landscape.””
Among the various processes for its production, electro-
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p-n Cu,O/a-CN, heterojunctions. The amenable and scalable synthesis approach underscores the practi-
cality of this method to develop (photo)electrocatalysts synergistically integrating the advantages of both
constituents, yielding low-cost, green, and stable functional platforms that could contribute to the
broader adoption of sustainable energy solutions.

chemical water splitting (WS), eventually activated by solar
light, has attracted worldwide attention for a possible large-
scale H, generation free from any harmful emission.>*™"!
Nevertheless, the energy conversion efficiency is limited by the
barrier associated with the anodic oxygen evolution reaction
(OER), the actual WS bottleneck, constituting a main source of
energy loss.>'?* To counteract the sluggish OER kinetics and
bypass complex multi-electron reaction pathways, the use of
active and stable electrocatalysts is mandatory, and the short-
comings of state-of-the-art systems based on noble metals™ ™’
make the implementation of efficient, green, and economically
viable catalysts an imperative task.>® In the current tide of
possible candidates, graphitic carbon nitride (g-CN)-based
ones have been the subject of several studies thanks to their
excellent chemical stability, high biocompatibility, Vis light
absorption, and tunable electronic structure.'***>17719
Beyond g-CN, even other C-based N-containing materials,
such as N-doped graphene/graphite and various forms of
nano-carbon films and nanosystems, have come under intense
scrutiny for green applications, which include (photo)catalysts

This journal is © The Royal Society of Chemistry 2024


http://rsc.li/dalton
http://orcid.org/0000-0001-7086-796X
http://orcid.org/0000-0002-8779-3386
http://orcid.org/0000-0001-6368-5754
http://orcid.org/0000-0002-7607-0481
http://orcid.org/0000-0002-3186-232X
http://orcid.org/0000-0001-5201-8104
http://orcid.org/0000-0003-4626-651X
https://doi.org/10.1039/d4dt02186j
https://doi.org/10.1039/d4dt02186j
https://doi.org/10.1039/d4dt02186j
http://crossmark.crossref.org/dialog/?doi=10.1039/d4dt02186j&domain=pdf&date_stamp=2024-10-30
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/D4DT02186J
https://pubs.rsc.org/en/journals/journal/DT
https://pubs.rsc.org/en/journals/journal/DT?issueid=DT053043

Open Access Article. Published on 23 September 2024. Downloaded on 1/20/2026 11:43:45 AM.

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

(cc)

Dalton Transactions

for pollutant degradation, CO, reduction, and H,
production.'®?°? In this context, amorphous carbon nitride
(a-CN,) systems (often improperly termed N-doped carbon),
with an atomic N/C ratio lower than that of stoichiometric
C3N,,>* feature a strong covalently bonded network,>® resulting
in marked chemical stability,®® remarkable hardness and
elasticity,>”>° and improved wear durability.>® These materials
have been investigated for the fabrication of protective
coatings,*? sensors,** and various functional devices.>**>7’
Despite a-CN, possessing an improved photocatalytic activity
in H, evolution, due to its wider light absorption range and
quenched recombination phenomena,*® its utilization as a
(photo)electrocatalyst has only seldom been reported so
far.'®3% One of the reasons is that its thermal stability and
atomic level-structure are still poorly known,*® mainly due to
the rich variety of possible local environments and the lack of
long-range order.>”***° The characteristics of a-CN, materials
are directly dependent on their microstructure and nitrogen
content,®””*! which, in turn, are affected by the used prepa-
ration strategy and processing conditions.**"** To date,
a-CN, films have been prepared using various techniques,
such as pulsed laser ablation,*®*”**  magnetron
sputtering,>®?973436:4041 jjternated reactive sputtering and
etching,> low-energy ion implantation,”® and ion-beam-
assisted cathodic vacuum arc deposition.>®

In this study, we have prepared Cu,O-functionalized CN,-
based films via an original multi-step plasma-assisted route
(Fig. 1). The target procedure consisted in the magnetron sput-
tering of CN, onto fluorine-doped tin oxide (FTO) substrates at
room temperature. Subsequently, ultra-low amounts of p-type
copper oxides (Cu,O; x = 1,2) were introduced by radio fre-
quency (RF)-sputtering under mild conditions. The adopted
process yielded an intimate contact between the two system
components, which enabled their mutual interactions to
promote a favorable modulation of the resulting functional
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properties.’*'>** The fabricated materials possess higher
mechanical stability than those obtained by powder immobil-
ization as pastes/inks on various substrates,"”** and are not
affected by previously reported delamination problems.?**?

The choice of copper oxides as co-catalyst/functional activa-
tors is motivated by their natural abundance, non-toxicity, low
cost, and band gaps enabling Vis-light absorption.®** In this
regard, mixed Cu(1)-Cu(u) oxides offer higher stability,
improved charge carrier transport kinetics, and enhanced light
harvesting.** Their combination with carbon nitride enables
overcoming problems due to photocorrosion and benefitting
from the controllable construction of heterojunctions, yielding
broadened Vis radiation absorption and improved electron-
hole separation.>'%*3454¢ Tg date, Cu,O-g-CN- and Cu-doped
g-CN nanosystems, prepared by various techniques, have been
proposed as (photo)catalysts for dye degradation,** direct urea
fuel cells,"® and H, production,”'®** and (photo)cathodes for
WS.2*871% Nonetheless, to the best of our knowledge, the use
of Cu,O/a-CN, as OER (photo)electrocatalysts has never been
investigated so far.

This work provides a detailed investigation on these
materials, with particular attention to a controllable Cu,O
ultra-dispersion. The latter issue relies on the fact that low-
dimensional Cu,O nanosystems with large surface areas and
size-dependent features possess superior physico-chemical
properties, remarkably differing from their micro- or bulk
counterparts.”” In fact, the introduction of quantum dots of
narrow band gap semiconductors (as Cu oxides), and of
ultra-*®**®  or atomically dispersed metal-based active
sites,”*>! is a valuable route to enhance carbon nitride
performances.*>>> The interplay between the latter and the
chemico-physical properties of the materials was elucidated
herein using a combined set of forefront analytical tools,
enabling us to probe the structural, electronic, morphological,
compositional, and mechanical characteristics. In particular,

I. Magnetron sputtering
(30 min, RT)

RF electrode
Graphltc target

sl "”ﬂ*
v
Ar + N, plasma )
a-CN; film

Ground electrode

I1. RF-sputtering Cu 15°, 30°,

II1. Ar annealing (450°C, 2.5 h)

Fig. 1 Sketch of the preparation of a-CN-based electrodes functionalized with Cu,O nanoparticles: (I) magnetron sputtering from a graphite
target in an Ar + N, plasma; (Il) RF-sputtering of Cu,O nanoclusters from a Cu target in an Ar plasma, and (lll) thermal treatment under an Ar

atmosphere.

This journal is © The Royal Society of Chemistry 2024
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among the other characterization techniques, ion scattering
spectroscopy (ISS) and reflection electron energy loss spec-
troscopy (REELS), used for the first time on similar systems,
were associated with X-ray photoelectron spectroscopy (XPS).
While ISS is specifically sensitive to the elemental composition
of the outermost atomic layer,*® allowing us to directly probe
the surface presence of low-sized Cu,O nanoaggregates, REELS
is an emerging technique to identify the presence of
hydrogen,”>** which, though being elusive, may significantly
affect the properties and behaviors of the materials.

The obtained systems feature a close Cu,O/a-CN, contact,
as well as a Cu,O loading/dispersion and nitrogen surface
content controllable as a function of the sole RF-sputtering
time. These variations resulted in the concomitant modulation
of OER electrocatalytic activity, which, in turn, was directly
dependent on Cu,O spatial distribution. In particular, the best
performances corresponded to an optimal compromise
between an increased Cu,O content and a suitable dispersion.
These results, interpreted based on the formation of hetero-
junctions between the system components, were accompanied
by a significant stability upon operation, which paves the way
to eventual practical end-uses.

2. Experimental
Materials synthesis

After a pre-conditioning step (see § S1.1, ESI{), a-CN, deposits
were obtained by employing a custom-built multiple-electrode
apparatus equipped with a 13.56 MHz RF power supply. A pyr-
olytic graphite target (Nanovision Srl, thickness = 3 mm, dia-
meter = 50 mm, purity = 99.999%) was fixed to a magnetron
source and the coatings were grown from an electronic-grade
Ar/N, plasma. In each deposition, a pre-cleaned'” FTO sub-
strate (2 x 1 cm? Aldrich®; ~7 Q x sq'; FTO thickness ~
600 nm) was mounted on the ground electrode. The growth
procedure was performed without any preheating, under the
following conditions: duration = 30 min; total pressure = 5.6 x
10~ mbar; RF-power = 100 W; total Ar flow rate = 21 standard
cubic centimeters per minute (sccm); total N, flow rate = 42
sccm. After deposition, the samples were subjected to thermal
treatment at 450 °C for 2.5 h under an argon atmosphere
(heating rate = 2 °C min™"). Based on a series of preliminary
optimization experiments, such an annealing treatment
afforded an improvement of film adhesion to the substrate
and its mechanical stability, a favorable issue in view of the
target electrochemical applications. Under these conditions,
no evidence of thermally-induced degradation of CN, deposits
was ever detected, in line with previous studies.?”*%3%°¢
Functionalization with copper oxides was performed by RF-
sputtering from electronic-grade Ar plasma, using a custom-
built two-electrode RF plasmochemical reactor (v =
13.56 MHz). A copper target (Alfa Aesar®; thickness = 0.3 mmy;
purity = 99.95%) was mounted on the RF-electrode, whereas
the FTO-supported carbon-rich CN, deposits were fixed on the
grounded one. Based on previous results,?”*® depositions were

17454 | Dalton Trans., 2024, 53, 17452-17464
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carried out using the following settings: total pressure =
0.30 mbar; RF-power = 10 W; growth temperature = 60 °C;
target-substrate distance = 60 mm; Ar flow rate = 10 sccm. The
sputtering duration was set to 15, 30 and 90 min for samples
labeled hereafter as CN, + Cu15, CN,, + Cu30, and CN, + Cu90,
respectively. Prior to chemico-physical characterization, the
materials were annealed under Ar at 450 °C for 2.5 h. For com-
parison, RF-sputtering of the Cu,O nanoparticles on bare FTO
was also performed under the above reported conditions.

Materials characterization

FT-IR spectra were recorded in the 400-4000 cm™" range on a
JASCO 4100 instrument in diffuse reflectance (DRIFT) mode,
using an EasiDiff specular beam collector (PIKE Technologies).
Raman spectra were recorded using a Thermo-Fischer DXR
Raman microscope equipped with a 532 nm laser (5 mW)
focused on the sample with a 100X objective, obtaining a spot
size of ~1 pm. XPS, ultraviolet photoelectron spectroscopy
(UPS), ISS, and REELS analyses were performed using a
Thermo Fisher ESCALAB QXi apparatus equipped with a
monochromatic Al Ko X-ray source (hv = 1486.6 eV). Binding
energy (BE) values were corrected for charging by referencing
to the adventitious C 1s signal at 284.8 eV (C, in Fig. 3b and
Fig. S4a, bt). Atomic percentages (at%) were evaluated through
peak area integration using ThermoFisher sensitivity factors.
Peak fitting was carried out with XPSPEAK software, using
Gaussian-Lorentzian sum functions. UPS analysis was carried
out using a UV He() (hv = 21.22 eV) photon source. REELS ana-
lysis was carried out with a primary electron beam energy of
1.0 kev. Field emission-scanning electron microscopy
(FE-SEM) and energy-dispersive X-ray spectroscopy (EDXS) ana-
lyses were performed using a Zeiss SUPRA 40 VP apparatus,
operating at primary beam voltages between 10 and 20 kV. The
average nanoaggregate dimensions were estimated through a
statistical image analysis. Atomic force microscopy (AFM)
characterization was performed in air using an NT-MDT SPM
Solver P47H-PRO instrument operated in tapping mode.
Secondary ion mass spectrometry (SIMS) measurements were
performed on an IMS 4f instrument (Cameca), using a Cs"
primary ion beam (14.5 keV, 30 nA; stability: 0.2%) and by
negative secondary ion detection. Analyses were conducted by
rastering over a 150 x 150 pm® area and collecting secondary
ions from a sub-region close to 7 x 7 pym” to avoid crater
effects. Charge compensation was carried out by means of an
electron gun. The erosion time was converted into depth using
thickness values measured using FE-SEM. Transmission elec-
tron microscopy (TEM) measurements, including high-angle
annular dark field-scanning TEM (HAADF-STEM) analyses,
electron diffraction (ED), and energy dispersive X-ray spec-
troscopy (EDXS) mapping, were performed using an aberration
double-corrected cold FEG JEM ARMZ200F instrument operat-
ing at 200 kV, equipped with a CENTURIO large angle EDX
detector, an ORIUS Gatan camera, and a Quantum GIF.
Surface mechanical properties such as hardness (H) and
elastic modulus (E) of the a-CN,-based deposits were measured
by nanoindentation, whereas film/substrate adhesion was eval-

This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/D4DT02186J

Open Access Article. Published on 23 September 2024. Downloaded on 1/20/2026 11:43:45 AM.

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

(cc)

Dalton Transactions

uated by scratch tests (see the ESIf for the relevant details).
Photoelectrocatalytic tests were carried out at room tempera-
ture in 0.1 M KOH aqueous solution (pH = 13.06) using an
integrated potentiostatic apparatus consisting of a Zennium-
PRO and a PP212 unit from Zahner GmbH, coupled with an
optical bench and a Zahner photoelectrochemical cell. FTO-
supported CN, + Cu systems were used as working electrodes,
whereas an Ag/AgCl electrode (EZg Jagel = 0199 V) and a Pt coil
were used as reference and counter electrodes, respectively.
Linear sweep voltammetry (LSV) traces were recorded at a fixed
scan rate of 5 mV s~'. Additional details on materials prepa-
ration and characterization are available in the ESL.}

3. Results and discussion

To gain a thorough insight into materials’ properties and
relate them to the resulting functional activity, the obtained
systems were subjected to a detailed multi-technique charac-
terization. X-ray diffraction (XRDj; Fig. S1T) suggested that the
target materials were amorphous. Accordingly, FT-IR spectra
(Fig. 2a) revealed the occurrence of relatively broad signals.
The signals in the range of 1100-1700 cm ™" featured two main
components at #1350 and ~1550 cm™ " corresponding to the D
and G bands of amorphous carbon after N incorporation,
whose occurrence breaks the symmetry of tri-coordinated C
centers, making these vibrations IR active.”**® The exact
assignment of this band and its separation into contributions
arising from C-C, C=C, C-N and C=N bonds is, however, still
controversial.*>*>*® The small, but well-detectable, peak at
~2220 cm™, could be ascribed to the terminal -C=N
groups.”" Finally, the broad band in the 2600-3600 cm™" range
resulted from the concurrent contribution of C-H, N-H, and
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O-H stretching vibrations. As previously reported,”"** hydro-
gen likely originates from the desorption of residual water
from the reaction chamber walls, yielding, under plasma acti-
vation, different H-containing moieties. In addition, plasma
treatment during CN, deposition and its functionalization
with Cu,O create structural defects reacting, in turn, with
atmospheric H,O when the samples are exposed to air.®*®'

The Raman spectra (Fig. 2b) were characterized by a broad
signal centred at ~700 cm™', corresponding to the in-plane
bending mode of C-N-C groups,”® the typical D and G bands
of graphite-like systems located at 1372 and 1550 cm™’,
respectively, a well-defined peak at 2220 cm™" arising from
C=N stretching vibrations, and a broad band at ~2800 cm™"
deriving from different contributions, among which C-H
stretching.®” In the case of CN, + Cu30, the slightly higher
intensity of the D vs. G band compared to the other specimens
might be tentatively traced back to a more disordered carbon
nitride structure. As described below, such an effect could orig-
inate from the enhanced dispersion of copper-containing
species in the CN, + Cu30 sample. As previously reported,'*"°
an increase of the system defect content can improve the sep-
aration of photogenerated holes and electrons, thus improving
the system’s functional behaviour. For all the target speci-
mens, an estimation of the system’s absorption edge from
optical analyses (Fig. 2c; see also Fig. S21 and related com-
ments) yielded a value of ~3.0 eV.

The sample’s surface composition as a function of the
adopted processing conditions was characterized by XPS. The
survey spectra and compositional data (see Fig. S3, Table S1t
and related observations) highlighted the formation of carbon-
rich CN,-based materials (mean C content ~67.5 + 1.2 at%),
with the N concentration decreasing from 26.7 to 19.7 at%
upon going from CN, to CN, + Cu90, attributable to preferen-
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(a) FT-IR spectra, (b) Raman spectra, and (c) Tauc plots (obtained from the optical spectra in Fig. S2t) of the target specimens.
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tial nitrogen removal occurring during the subsequent RF-
sputtering of copper. The bare CN, sample also contained
non-negligible O amounts, which further increased upon
functionalization with copper, due to Cu oxidation to Cu(1)/Cu
(u) species (see below). Interestingly, the data displayed in
Fig. 3a highlighted the possibility of carefully tailoring both
the deposited copper amount and the related extent of CN,
surface coverage.

Important information on the different C, N, and O chemi-
cal environments was obtained by peak deconvolution.
Regarding the C 1s photopeak (Fig. 3b and Fig. S4a, bf), the
main C, band at 284.8 eV was primarily attributed to graphitic-
like carbon atoms,?™**®* but resulted also from adventitious
contamination.®®®® The C; component (BE = 286.1 eV) was
mainly ascribed to C atoms bonded to pyrrole- and pyridine-
type N,210%45970 though additional concurrent contributions
resulted from carbon atoms bonded to nitrile and amino
groups on the CN, sheet edges'® (see also the FT-IR and
Raman results). The C, component (BE = 287.6 V) was due to
C bonded to “graphitic” nitrogen, formally deriving from the
substitution of a graphitic C atom by an N one.®*%%%%7!
Finally, the C; band (BE = 290.4 eV) was traced back to the con-
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tribution of C-O/C-OH species and the excitation of =
electrons.”"*>%7%8 Data analysis revealed a significant increase
of the C, contribution in the order of CN, - CN, + Cul5 —
CN, + Cu30 — CN, + Cu90, accompanied by a decrease of C,
and C, ones (Fig. 3c). This phenomenon was related to the pre-
ferential sputtering of nitrogen in the obtained systems, pro-
gressively more pronounced for longer Cu deposition times.

The N1is signal (Fig. 3d and Fig. S4c-dt) resulted from the
contribution of four components. The most intense one (Nj,
BE = 398.6 V) was attributed to pyridine-type N
atoms,>*?138:63:6469 hereas the N, band (BE = 400.0 eV) was
ascribed to pyrrole-type nitrogen, as well as to nitrile (-C=N)
and amino (NH,, x = 1, 2) groups.”®>"3%%36469 The N, contri-
bution (BE = 401.0 eV) was traced back to graphitic nitrogen
atoms,>*?127:63:6459 while the N, component (BE = 403.5 eV)
was related to r excitation.®””°

For bare CN,, the O 1s signal (Fig. S5at) resulted from the
contribution of -OH groups (band O,;, BE = 531.8 eV) and
adsorbed water (band O,, BE = 533.0 €V),>"*>%7%%7% arising
from the desorption of residual water from the reaction
chamber walls and from sample exposure to the atmosphere.
The presence of -OH (C-OH) groups on carbon nitride can

-IIIIIIIIIIIIIIIIIIII: IIIIIIIIIII IIIII — 60'0
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(@) Cu at% and Cu/N atomic ratio vs. sputtering time (Cu at% was calculated excluding C and O). (b) Deconvoluted C 1s peak for the CN, +

Cu30 specimen. (c) Trend of the various C 1s peak components for the bare CN, and Cu,O-functionalized samples, color codes are the same used
for the C 1s bands in (b). (d) N 1s, (e) O 1s, and (f) Cu 2p photopeaks for the CN, + Cu30 sample.
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favor the binding with Cu-containing species and promote
their oxidation, as better substantiated in the following.**”°
The O1s photopeaks for the Cu,O-functionalized samples
(Fig. 3e and Fig. S5bt) contained a contribution from Cu,O
lattice oxygen (Oy, BE = 530.3 eV), highlighting copper
oxidation.**>%%%8 The latter was also confirmed by the ana-
lysis of Cu 2p signals (Fig. 3f and Fig. S5ct), since the two Cu
2ps), contributions at 932.3 and 934.5 eV, exhibiting a = 2:1
ratio irrespective of copper sputtering time, correspond to
Cu,0 and Cu0.°>°*®® Since when Cu deposition was per-
formed on bare FTO (FTO + Cu90, Fig. S5df), Cu 2p analysis
indicated the almost exclusive presence of Cuf(i) oxide,®>°®
such results suggest that the CN, matrix promoted an
enhanced copper oxidation.

Complementary information on in-depth composition was
obtained by SIMS analyses (Fig. 4 and Fig. S67) that, beyond
the expected Cu, O, C and N signals, revealed even the Sn one
deriving from the FTO substrate. The actual tin migration into
the CN, films is a beneficial effect for the target end-uses
thanks to the improvement of material conductivity. C and N
ionic yields displayed similar trends, indicating their common
chemical origin. For all specimens, copper trends evidenced
an in-depth Cu dispersion throughout the underlying carbon
nitride film, highlighting an intimate Cu,O/CN, contact, ben-
eficial in view of the target applications. In addition, SIMS pro-
files revealed an increased Cu accumulation in the outermost
system regions upon increasing copper sputtering time, along
with a thickness decrease of 70 nm upon going from the CN,
+ Cu15 to CN, + Cu90 specimens (see also caption to Fig. 4).
In line with the above XPS results, the latter effect is attribu-
table to the sputtering of both carbon and nitrogen (the latter
being, however, preferentially removed) from the CN, matrix
during the plasma-assisted deposition of Cu-containing
species.
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Fig. 5a displays the He(1) UPS VB for samples CN,, CN, +
Cul5, CN, + Cu30 and CN, + Cu90. As a matter of fact
(compare also Fig. S7f), Cu,O introduction yielded a slight
work function increase. REELS spectra (Fig. 5b) were character-
ized by two broad features due to the collective excitation of ©
electrons (x5 eV) and & + ¢ electrons at higher energy loss (~25
eV). All the spectra were quite similar, and only a slight
decrease of the low energy feature after Cu,O introduction was
observed.””> The & — =* transition (at ~5 eV) is a representative
of tri-coordinated and bi-coordinated carbon and nitrogen
centers, and the lack of this feature may indicate the existence
of mainly tetra-coordinated C/N.”> The loss due to the pres-
ence of C-H or N-H bonds (~2 eV) was clearly visible only for
pure CN,. ISS spectra (Fig. 5c¢) display an intensity increase
with Cu deposition time of the peak due to the scattering from
copper-containing species, supporting the presence of tailored
Cu, O amounts on the system surface, in line with the XPS
results.

The target systems were hence analysed by FE-SEM, EDXS
and AFM (Fig. 6 and Fig. S8, S9t). All deposits were very homo-
geneous, and featured rounded and interconnected aggregates
(average dimension ~ 150 nm). Cross-sectional images evi-
denced a uniform FTO coverage by relatively compact deposits.
The good adhesion to the underlying FTO substrate high-
lighted the deposit’s mechanical stability. The root-mean-
square surface roughness was estimated to be ~15 nm, regard-
less of the processing conditions.

To gain a deeper insight into the system nano-organization,
with particular regard to the Cu,O nanoaggregate size and
spatial distribution as a function of preparative conditions,
TEM and related analyses were carried out on the CN, + Cul5
and CN, + Cu30 samples. Both specimens presented an amor-
phous a-CN, layer, well adherent to the underlying FTO sub-
strate (Fig. $101), and an outermost Cu-rich region (Fig. S11

CN,+Cul5 CN,+Cu30
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~10" 10* Sir
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D
=10° 3 .
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Fig. 4 SIMS depth profiles for CN, + Cul5 (a), CN, + Cu30 (b), CN, + Cu90 (c). The deposit thickness ranged from 460 nm, for CN, + Cul5, to

370 nm, for CN, + Cu90 (uncertainty = +30 nm).
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eV, while the optical band gap is estimated at ~#3.2 eV. (c) ISS spectra highlighting the different Cu,O surface contents for the composite samples.

and S12%), thicker for CN, + Cu30 with respect to CN, + Cul5
(~200 vs. ~150 nm), in line with the different Cu sputtering
times used for functionalizing the two samples. In both cases,
EDXS chemical maps highlighted a partial superimposition of
the Cu signal with C and N ones, confirming the homo-
geneous dispersion of copper-containing species the on and in
the a-CN, matrix, and the intimate Cu,O/a-CN, contact. The
latter issue, in line with the above SIMS outcomes, is of key
importance to profitably exploit their mutual interactions, as
supported by functional tests (see below).

Additional important information was provided by high-
resolution HAADF-STEM imaging, which evidenced in both
cases the occurrence of a well-defined a-CN,/FTO interface
(Fig. 7a and Fig. S10df). Thanks to EDXS-STEM elemental
mapping, it is possible to localize the copper-rich region for
both samples. Since the contrast in HAADF-STEM images
directly depends on the atomic number Z (~Z?), all bright-con-
trast features observed in Fig. 7b and 8 could be unambigu-
ously related to the Cu-containing species, and the data high-
lighted their different dimensionalities and dispersions for the
target specimens. For the CN, + Cul5 sample, the apparent
bright dots were indicative of ultra-dispersed, “quasi-atomic”
Cu,O (Fig. 7b), whose presence is an attractive issue in view of
the target applications.*® Conversely, for the CN, + Cu30 speci-
men (Fig. 8), these species appeared to be partially combined
into grouping agglomerates (mean dimensions in the range of
1.0-1.3 nm). These findings suggest the occurrence of a 3D
growth mode for Cu,O-containing species, with nanoaggregate
growth prevailing over the initial nucleation upon increasing
the copper sputtering time. As discussed below, this difference
will be reflected by the material’s functional performances.

The surface mechanical properties measured by nanoinden-
tation are summarized in Table 1. As can be observed, the
hardness and the elastic modulus underwent a slight decrease
with the duration of the copper sputtering treatment, ie.,
upon increasing the deposited Cu,O amount. The reason for

17458 | Dalton Trans., 2024, 53,17452-17464

this tendency lies in the surface softening effect induced by
the presence of copper oxides, being softer phases than the
underlying nitride film. However, the values obtained are quite
near within the experimental uncertainty, revealing that the
Cu, O amount does not notably change the surface mechanical
properties. The results from scratch tests are shown in Fig. 9,
where both friction force, F,, and acoustic emission are
reported as a function of path length. Acoustic emission (AE)
is defined as the elastic wave generated by the release of
energy internally stored in the material structure.”> Such
energy release occurs when the material undergoes changes in
its internal structure, for instance due to cracking or defor-
mation arising from an external mechanical stress. The AE
signal provides information on the onset of the first cracks or
an apparent change in material failure mode, in particular
when clear information cannot be obtained from the friction
force trend during scratch tests. To avoid incorrect interpret-
ations, validation by electron microscopy was performed.”

Fig. 9 shows that CN,, CN, + Cul5 and CN, + Cu30 fail at
an applied normal load (F,) value of 25 N, 30 N and 32 N,
respectively. These values indicate that the film as a whole is
well adherent to the substrate, and can withstand a tangential
force up to 25-30 N. The results show a superior adhesion to
the FTO substrate for the Cu,O-functionalized films, slightly
increasing with the copper oxide content.

As shown in Fig. 9, the friction force is almost superimposa-
ble for the CN, and CN, + Cul5 specimens, whereas it is lower
as the Cu deposition time exceeds 15 min, indicating that
copper oxide introduction promotes a reduction of friction on
the functionalized surface. Furthermore, the recorded critical
load improves as the surface presence of copper oxides pro-
gressively increases (see also Fig. S13, S14} and related com-
ments for further details).

Finally, the attention was dedicated to the analysis of OER
functional properties as a function of material characteristics.
As a matter of fact, the evaluation of electrocatalyst’s intrinsic

This journal is © The Royal Society of Chemistry 2024
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Fig. 6 Representative plane-view (left panel) and cross-sectional (central panel) FE-SEM images for the CN, + Cul5 (a), CN, + Cu30 (b), CN, +

Cu90 samples (c). Right panel: AFM micrographs for the same specimens.

activity would require a reliable estimation of per-site turnover
frequency,”” an extremely challenging issue due to problems
associated with the quantification of the inherent activity of
each type of active site [Cu(r) vs. Cu(u), not to mention the
synergistic CN, contribution]. As a consequence, in the follow-
ing we discuss and compare the electrocatalyst’s activity as a
function of current densities, onset potentials, and applied
bias photon-to-current efficiency (ABPE) values.

The linear sweep voltammetry (LSV) curves in Fig. 10a
(compare also with Fig. S15 and S16%) provide the indication
of photoelectrocatalytic activity already at ~0.9 V vs. the revers-
ible hydrogen electrode (RHE). This activity, comparing favour-
ably with that of electrocatalysts based on carbon nitride and
transition metal oxides (see Tables S2 and S3+), is also testified

This journal is © The Royal Society of Chemistry 2024

by the onset potentials measured at 0.02 mA cm~> (Fig. 10b)
and the applied bias photon-to-current efficiency (ABPE) plots
(Fig. 10c). Interestingly, a steeper OER activity increase starting
at ~1.3 V vs. RHE was obtained for CN,, + Cu30. It is also worth
mentioning that the difference in the current densities under
illumination and in the dark reaches ~20 pA cm™ at 1.74 V vs.
RHE for the CN, + Cu30 specimen. The attractive OER onset is
appreciably lower than those of similar Cu-based
materials,”’®”® and in line with the performances recently
reported for CuO and CuO/CuS nanosystems.””®' These
results can be ascribed to the favourable interaction between
a-CN, and Cu,O. In the case of CN, + Cu30, there is an ideal
compromise between the sputtered Cu amount and the ultra-
dispersion of Cu,O species, infiltrating into the tightly packed

Dalton Trans., 2024, 53,17452-17464 | 17459
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Fig. 7 (a) High-resolution HAADF-STEM image of the FTO/CN, inter-
face for the CN, + Cul5 sample. The area framed by the white box is
magnified in the inset. (b) Cross-sectional high resolution HAADF-STEM
image of the Cu,O-rich region. The white circles in the magnified inset
image mark ultra-dispersed, “quasi-atomic” Cu,O.

CN, matrix and yielding an enhanced interaction between the
system components (see also the above SIMS results). Even the
CN, + Cul5 specimen is characterized by a favourable OER
onset, the catalytic site density is inferior to the CN, + Cu30
sample (see the above TEM analyses). At higher Cu loadings
(CN, + Cu90), corresponding to larger Cu,O nanoaggregates,
the recorded performances are rather similar to those of bare
Cu,O deposited on FTO (see Fig. S151). The present photoelec-
trocatalytic activity can be related to the efficient construction
of p-n nano-junctions between the p-type Cu,O nanoparticles
and CN,, characterized by a predominantly n-type character.
Under irradiation, these heterostructures promote an

17460 | Dalton Trans., 2024, 53,17452-17464
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Fig. 8 (a) Cross-sectional high-resolution HAADF-STEM image of the
CN, + Cu30 sample. (b and c) Representative high-resolution
HAADF-STEM images.

Table 1 Surface mechanical properties of CN, and CN, + Cu films
measured by nanoindentation

Sample H (GPa) E (GPa)
CN, 6.3 £0.5 43 +5
CN, + Cul5 5.8+0.9 42 +6
CN, + Cu30 5.5+0.6 39+5

improved separation of photogenerated electrons and holes, as
evidenced by the band diagram proposed in Fig. 11 and corro-
borated by the development of a photo-potential (Fig. S177).
To the best of our knowledge, the present one is the first
example of heterojunctions formed between the highly dis-
ordered CN, and an ultra-dispersed oxide.

To rationalize the present findings, it is worth highlighting
that the dispersion of Cu,O species is directly dependent on
the duration of the RF-sputtering process. In particular, the
results discussed so far clearly evidenced that for the CN, +
Cul5 and CN, + Cu30 specimens, the lower copper oxides
content in comparison with CN, + Cu90 corresponds to an

This journal is © The Royal Society of Chemistry 2024
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enhanced Cu,O dispersion both on and in a-CN,. The
different Cu,O amounts, dimensionalities and dispersions for
the CN, + Cu15, CN,, + Cu30 and CN, + Cu90 samples are thus
the main characteristics responsible for the observed differ-
ences in OER performances. In particular, while the active site
content increases with copper loading, p-n junction effects are
indeed maximized for lower Cu,O nanoaggregate dimensions.
Considering all these issues, we can conclude that the best
electrocatalytic activity yielded by the CN, + Cu30 specimen
can be traced back to an optimal compromise between a (rela-
tively) high density of active sites and an efficient Cu,O/CN,
interfacial interaction.

A key requirement for practical real-world end-uses of elec-
trode materials is their stability under operational conditions.
In this regard, Fig. 10d presents the chronoamperometric trace
recorded for 15 h at 1.60 V vs. RHE and under illumination on
the CN, + Cu30 sample. As can be observed, after a small
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(a) LSV curves recorded under illumination; (b) onset potentials and (c) ABPE (%) curves for the bare CN, and Cu,O-functionalized samples;

and (d) chronoamperometry test for CN, + Cu30 collected under irradiation at 1.60 V vs. RHE for 15 h (inset: photograph of the used apparatus).
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decrease within the first hours, the current density remains
remarkably stable up to the end of the experiment.
Accordingly, LSV tests repeated after 90 and 180 days (during
which the samples were stored under ambient conditions;
Fig. $181) showed negligible current density variations in com-
parison with the pristine measurements. The rationale for this
phenomenon is the action of amorphous CN, as an efficient
and stable support towards Cu,O species, preventing their
aggregation, preserving their dispersion, and thus accounting
for the attractive system’s service life. In this regard, post-oper-
ando XPS measurements confirmed that the chemical compo-
sition of the Cu,O-functionalized CN,-based samples did not
undergo major alterations upon electrochemical testing, as
also revealed by N/C and Cu/N ratios (Fig. S19 and Table S47).
In agreement with these results, FE-SEM measurements
(Fig. S20;1 compared with Fig. 6b) revealed that the system
morphology did not undergo any significant degradation upon
operation. Taken together, such outcomes highlight how the
synergistic interplay between CN, and Cu,O can efficiently
improve the OER photoelectrocatalytic activity of the resulting
composite systems, provided that the functionalizing agent
amount is judiciously optimized.

4. Conclusions

In the present study, we have developed for the first time eco-
friendly Cu,O/a-CN, electrocatalysts through an original multi-
step plasma-assisted route. The proposed strategy consisted in
the magnetron sputtering of amorphous carbon nitride films
on FTO at room temperature, the subsequent introduction of
very low copper amounts via RF-sputtering, and the ultimate

17462 | Dalton Trans., 2024, 53,17452-17464
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thermal treatment under an inert atmosphere. Interestingly,
controlled variations of the sole copper sputtering duration
enabled tailoring of the Cu,O content and dispersion in and
on the carbon nitride matrix, modulating the resulting surface
characteristics and the corresponding functional behavior. The
improvement of OER performances, related to the formation
of p-n heterojunctions efficiently suppressing charge carrier
recombination, could be adjusted accordingly, as demon-
strated by a comprehensive multi-technique characterization.
Overall, the synthesized Cu,O/a-CN, nanocomposites proved to
be economically feasible and stable catalysts for the pro-
duction of green hydrogen as a clean energy source, underscor-
ing their potential in view of eventual real-world applications.

Taken together, such findings contribute to the advance-
ment of our understanding of heterojunction structures in
electrocatalysts with ultra-dispersed components and their
implications for WS applications. In perspective, in situ charac-
terization techniques such as X-ray absorption fine structure
(XAFS), as well as computational investigation on the target
systems, could be of key importance to shed light on the
process mechanism and the interplay between the chemico-
physical properties of the system and the resulting functional
performances. In addition, the estimation of faradaic
efficiency and the evaluation of the H, production rate are
surely of great importance to gain a deeper insight into the
photoelectrochemical properties of the target materials fabri-
cated and investigated in the present work, and will be the
focus of future investigations. Further attractive developments
of the present research activities may also focus on optimizing
the heterojunction interface and exploring other co-catalysts to
enhance the system’s water splitting performances.
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