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ARTICLE INFO ABSTRACT

Keywords: Diamond-based materials feature manifold attractive properties for different electrochemical applications,
Ultra-nanocrystalline diamond thanks to its chemical inertness and large operational bias window. Nevertheless, the blindness to Visible (Vis)
Nanotexturing

light typically hinders their application in photo-electrochemistry using a sustainable source like solar radiation.
In the present work, we propose an original all-carbon solution for the development of efficient photocathodes
for hydrogen evolution with the functional integration of Vis light harvesting, charge transport, and interfacial
processes in a single platform. The electrode is based on the implementation of surface nanostructuring by ultra-
short pulsed laser on free-standing polycrystalline chemical vapor deposition (CVD) diamond plates. In partic-
ular, the photocathode is made up of micro-distributed graphitic paths in the inner material regions to reduce the
series resistance and of a nitrogen-incorporated ultra-nanocrystalline layer as active element for the catalytic
process. In photo-activated hydrogen evolution under Vis irradiation, the engineered cathode subjected to
hydrogen plasma treatment yields a photocurrent of —0.14 mA/cm? at 0 V vs. the reversible hydrogen electrode
(RHE) and a Tafel slope of —273 mV/dec. The present outcomes, related to the formation of defect-related
surface states, open the door to the application of the proposed diamond-based structures in sustainable en-
ergy generation.

Nitrogen incorporation
Hydrogen plasma treatment
Water splitting

1. Introduction Diamond stands as an amenable candidate for various applications in

electrochemistry thanks to its stability, its large operational bias win-

The use of sunlight, a largely available natural resource, for the
production of chemical fuels [1-4], has received an ever-growing
attention to solve the global energy crisis and minimize the resulting
ecological footprint. In this regard, photoelectrochemical water splitting
has been extensively studied as a clean and sustainable route to convert
solar energy into green hydrogen (Hy), a zero-emission and renewable
energy vector [5]. Nonetheless, a widespread diffusion of this process
inevitably requires a careful selection and engineering of active semi-
conductor photo-electrocatalysts, that are required to be stable,
economically viable, and eco-friendly [6,7].
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dow, and the widely variable electronic properties that can be custom-
ized as a function of processing conditions [8]. The first studies on
diamond in such field date back to the 1990s, when boron-doped CVD
diamond specimens yielded favorable performances as photo-
electrochemical cathodes [9]. In comparison to the case of many other
semiconductors, diamond surface modification introduces defect states
which can play an active role in enhancing both light absorption and
photogenerated charge carrier separation. In fact, one of the main ad-
vantages offered by diamond is the possibility of directly tuning its
functional behavior through a controlled modulation of surface
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properties [10], for instance via termination with H-, O- or F-atoms [11].
In spite of these advantages, diamond is not generally regarded as an
efficient water splitting electrocatalyst due to its large overpotentials for
both hydrogen evolution reaction (HER) and oxygen evolution reaction
[12]. Additionally, the wide diamond bandgap (Eg > 5.0 eV) requires UV
light activation, accounting for a negligible part of the whole solar
spectrum and precluding its efficient exploitation in the target process.

Nonetheless, the interest in diamond for similar applications is
renewed in recent years [11,13,14] and various efforts have been
devoted to engineering diamond electrodes, in order to render them Vis-
light active and exploit solar light for their functional exploitation. In
this context, different approaches have been proposed so far, among
which the introduction of plasmonic nanoparticles [15,16], the
controlled surface nanostructuring [17], and the fabrication of
nanodiamond-based systems [18,19]. Nevertheless, whereas Vis-light
absorption in diamond via sp-related states is well established to date
[20-23], literature studies available to date do not properly address
diamond-based systems in which absorption, charge transport, and
catalysis are integrated in a single architecture. Yet, the latter solution
would be more convenient in view of eventual practical end-uses.

In the present study, we propose an original and unprecedented
engineering strategy enabling diamond to efficiently harvest Vis light for
eventual water splitting applications. To this aim, we readapted and
exploited a technology based on the diamond modification mainly with
ultra-short laser pulses, earlier introduced for photon-enhanced electron
emission converters [24]. The proposed structure (see Fig. 1) is made up
of a nanotextured black diamond (BD) surface on a free-standing poly-
crystalline diamond plate, to efficiently absorb solar radiation [25,26].
Within the diamond plate, graphitic microelectrodes are written by
femtosecond (fs)-laser processing. These conductive microcolumns
serve as charge transport channels, lowering the series resistance
[24,27] and facilitating charge carrier transfer between the BD layer and
the active surface. Finally, the surface opposite to BD serves as support
for an N-incorporated ultra-nanocrystalline (N-UNCD) active layer,
which can be further functionalized via a controlled hydrogen plasma
exposure. This structure, consisting entirely of diamond without addi-
tional constituents, allows to minimize interfacial losses and to enhance
chemical stability.

The fabricated structures, with and without final hydrogen plasma

*
el it

Nanotextured black diamond

Diamond & Related Materials 167 (2026) 113807

exposure, have been subjected to a multi-technique characterization
using a set of complementary advanced techniques, and finally tested as
HER cathodes in water splitting processes under Vis light illumination.
The performed analyses have enabled to attain a valuable insight into
the interplay between material processing and the ultimate functional
performances. Overall, the presently reported outcomes demonstrate an
architecture-driven photoelectrochemical response in an all-carbon,
diamond-based platform, in which hydrogen evolution is enabled
through the functional integration of light harvesting, charge transport,
and interfacial processes.

2. Materials and methods
2.1. Material synthesis and processing

Polycrystalline CVD free-standing diamond plates (Element Six,
Diafilm™ Thermal Management grade, TM180) were selected as the
starting material for photocathode fabrication. The samples consisted of
10 x 10 mm? plates with a thickness of 0.3 mm and a nominal in-plane
thermal conductivity of ~1800 W/m x K. These plates show a polished
surface (R, < 50 nm), and one lapped surface (R, < 250 nm). Three
distinct processing steps were carried out, each addressing one of the
functional requirements to produce photocathodes for operations in
aqueous electrochemical environments.

The first step aims at establishing conductive pathways across the
plate thickness. In this regard, arrays of vertical graphitic microcolumns
are inscribed within the 0.3 mm plate thickness using a femtosecond (fs)
laser source (A = 800 nm; duration = 100 fs duration; repetition rate = 1
kHz; amplified Ti:Sapphire system, Spectra-Physics, Milpitas, CA, USA;
focusing geometry with a 40x objective, numerical aperture (NA) =
0.65, spot ~10 pm). A pulse energy of 7 pJ and a scanning velocity of 64
pm/s were used, with the focal plane moving along the z-axis starting
from the bottom to the upper surface forming continuous channels that
enable the connection of two plate surfaces [24,27]. A square array of
2500 graphitic microelectrodes (50 x 50 columns, pitch A =190 pm) is
fabricated in the central sample region. After laser writing, the plates are
immersed in acetone under ultrasonic agitation and rinsed with deion-
ized water to remove residual debris.

In a second step, a light-absorbing surface is produced by irradiation
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Fig. 1. Representative sketch of the proposed HER diamond photocathode based on black diamond (BD) surface, graphitic microelectrodes and N-UNCD layer (with
or without hydrogen plasma exposure). Scanning electron microscopy (SEM) images for the three main components are shown [see also Fig. S2 in the Supporting

Information (SI)].



A. Bellucci et al.

in air of the TM180 plate polished face, using the same fs laser system.
The beam is focused perpendicularly to the surface with a 4x objective
(NA = 0.10), resulting in a spot diameter of (45 + 3) pm, as determined
a posteriori by the Liu method [28]. The diamond plate is raster-scanned
under linearly polarized pulses. Scans are carried out with a 20 pm pitch
between adjacent lines, a translation velocity of 1000 pm/s, and a pulse
energy of 35 pJ. This treatment induces the formation of one-
dimensional laser-induced periodic surface structures (LIPSS), yielding
a black, optically absorbing layer with strongly enhanced visible light
absorption compared to pristine diamond [29].

Finally, the lapped plate side is engineered via the deposition of a
thin N-incorporated diamond layer by microwave plasma-enhanced
CVD (MW-PECVD). The N-incorporated diamond layer is grown at
700 °C and 27 Torr, using a microwave power of 800 W. The feed gas
mixture consisted of 200 standard cubic centimeters per minute (sccm)
Hp, 2 sccm CHy, and 15 sccm No. The deposition is carried out for 80
min, leading to a layer thickness of (140 + 10) nm. This thickness rep-
resents the minimum value to produce a continuous film under the
adopted operational conditions. In particular, an Ny flux of 15 sccm was
used, as preliminary studies performed in our CVD reactor identified this
value as optimal for maximizing nitrogen incorporation. In fact, the
latter starts saturating at ~7% N», and a too high N5 gas concentration
(> 10%) induces a reduction of diamond growth-rate [30]. For one of
the specimens (named as BD-N-UNCD-H hereafter), the surface is sub-
sequently exposed to a hydrogen plasma (15 min at 700 °C, 800 W
microwave power, and 27 Torr). Both samples were stored in air under
ordinary laboratory conditions before characterization.

2.2. Characterization

Field emission-scanning electron microscopy (FE-SEM) micrographs
were acquired with a Zeiss microscope (model Leo Supra 35; Oberko-
chen, Germany) using the InLens electron detector, at a primary beam
accelerating voltage of 10 kV.

Atomic force microscopy (AFM) and Kelvin-probe force Microscopy
(KPFM) analyses were performed using an OmegaScope platform
(HORIBA Ltd., Kyoto, Japan) in tapping mode operational amplitude =
20 nm). A conductive Pt-coated pyramidal tip (MikroMasch HQ:NSC15/
Pt; Wetzlar, Germany) with a characteristic radius of ~30 nm, a reso-
nance frequency of 325 kHz, and a work function of 4.5 &+ 0.1 eV was
used. The scan rate was maintained at 0.2 Hz. AFM and KPFM data were
filtered, and analyzed using the AIST-NT SPM software. Work function
evaluation was performed via a statistical data analysis, according to the
methodology reported in Ref. [31].

X-ray photoelectron spectroscopy (XPS) and reflection electron en-
ergy loss spectroscopy (REELS) analyses were performed using a Ther-
moFisher ESCALAB QXi apparatus equipped with a monochromatized Al
Ka X-ray source (hv = 1486.6 eV), operating at a total pressure lower
than 1078 mbar. Survey spectra were collected in the binding energy
(BE) range 0-1300 eV, using the following experimental settings: 100 eV
analyzer pass energy; 1.0 eV/step; 0.05 s/step. High resolution core
level (valence band) spectra were recorded using the following settings:
analyzer pass energy of 50 eV (30 eV), corresponding to a resolution of
0.5 eV (0.3 eV); 0.02 eV/step; 0.05 s/step. Atomic percentages (at.%)
were evaluated through peak area integration using ThermoFisher
sensitivity factors. Peak fitting was carried out by the XPSPEAK software
(version 4.1) [32] using a least-squares procedure, adopting a Shirley
background and Gaussian-Lorentzian sum functions (typical mixing
parameter = 0.2-0.3) [33]. REELS analysis was carried out using a
primary electron beam energy of 1.0 keV. Energy gap values were ob-
tained from the recorded spectra using the Avantage software provided
by ThermoScientific (version 6.9.1, build 0004).

UV-Vis-NIR measurements were performed using a Cary 7000 sys-
tem equipped with an integrating sphere in both total reflection (R) and
transmission (T) geometries. For each sample, the absorptance (A%) was
derived from the measurement of T% and R%, considering the relation A
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% = 100% — R% - T%, [26,29,34]. Illumination was directed from the
side opposite to the BD, aiming to replicate the conditions of the pho-
toelectrochemical tests.

2.3. Photoelectrochemical tests

Photoelectrochemical functional tests were performed at room
temperature in NapSO4 0.1 M aqueous solution (pH = 6.5) with a
standard three-electrode configuration, using an Autolab PGSTAT204
(Metrohm, Utrecht, The Netherlands) potentiostat/galvanostat. The
used electrochemical cell [see Fig. S1 in the Supporting Information
(SI)] was coupled to an optical bench (Metrohm Autolab) combined with
the above instrument. Diamond-based materials were used as working
electrodes, whereas a Pt wire and a saturated calomel electrode (SCE)
were used as counter-electrode and reference electrode, respectively.
The sample was contacted using a Cu adhesive strip attached to gold
contacts pre-deposited on the diamond samples surface. Linear-sweep
voltammetry (LSV) measurements were conducted using a scan rate of
5 mV/s, both in the dark and under illumination. In the latter case, the
working electrode was irradiated from the front side (electrode-elec-
trolyte interface) through a quartz window, using an incident light in-
tensity of 100 mW/cm? (neutral white, Philips LUMILEDS) light
emitting diode (LED) source. Applied bias photon-to-current efficiency
(ABPE) (%) curves were obtained as: ABPE (%) = (|j x E| / P) x 100,
[35] where j (mA/cm?) is the photocurrent density at the potential E (V
vs. RHE), and P is the incident light intensity.

3. Results and discussion
3.1. Characterization of the photocathode structures

In the present study, we develop all-carbon platforms functioning as
Vis-light-activated photocathodes for water splitting processes. To this
aim, a transparent CVD diamond plate was modified to fabricate a de-
vice capable of efficiently absorbing Vis photons, transporting photo-
generated charges across its thickness, and activate redox reactions at
the surface in contact with water. As reported in the Experimental sec-
tion, the proposed structure is fabricated according to the following
steps (Fig. 2a): 1) an array of conductive microelectrodes is formed
within the commercial polycrystalline diamond; 2) a nanotextured BD
layer is produced on one of the two surfaces; 3) a N-UNCD layer is
deposited on the opposite surface; 4) the N-UNCD is eventually exposed
to Hy-plasma treatment. Specifically, two photocathodes are investi-
gated in this work, without and with the last step of hydrogen plasma
exposure (named in the following as BD-N-UNCD and BD-N-UNCD-H,
respectively). Fig. 2b shows the morphologies of the black diamond
and the N-UNCD surfaces, respectively. The BD surface presents the
typical morphology with the formed LIPSS [26], characterized by rip-
ples with the expected periodicity of ~170 nm and grooves extending up
to several pm in length. On the other hand, the morphological features of
the deposited layer, which follows the underlying substrate (see also
Fig. S3 in the SI), are consistent with typical N-UNCD films grown by
nitrogen-contained CVD conditions [36]. The root-mean-square (RMS)
roughness of the N-UNCD layers [(78 + 1) nm], lower than the pristine
substrate [(97 + 1) nm], indicated a certain degree of smoothing after
the growth.

The surface chemical composition of the target systems, with
particular regard to the presence of the various elements in different
chemical environments as a function of the adopted processing condi-
tions, is investigated by XPS. Upon going from BD-N-UNCD to BD-N-
UNCD-H, wide-scan spectra (Fig. 3a) clearly show a net increase of ox-
ygen content (from 1.3 at.% to 4.8 at.%; see also Fig. 3b), as well as the
appearance of a weak, though well-detectable, nitrogen signal (0.8 at.%;
see also Fig. 3c, as well as Table S1-S2 in the SI and the pertaining text
for a detailed signal attribution). As a matter of fact, the higher O con-
tent presented by BD-N-UNCD-H should mainly be related to humid air
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Fig. 2. a) Sketch of the adopted fabrication process: 1) commercial TM180 substrate as free-standing polycrystalline diamond plate; 2) graphitic microelectrodes
within the plate connecting the two surfaces; 3) nanostructuring of the upper surface by fs-laser; 4) CVD of a N-incorporated layer on the bottom surface; 5) hydrogen
plasma exposure of the previous layer (only for BD-N-UNCD-H); 6) metallic contact on the BD side. b) AFM image of BD and N-UNCD surfaces.

exposure prior to XPS analysis [37-39]. On the other hand, the Ho-
plasma treatment promotes preferential etching of sp®-bonded C,
resulting in a relative increase of sp? carbon (see the C3 component in
Fig. 3d, right panel, and the discussion in the SI, pages S7-S8) [40]. On
this basis, the appearance of N1s signal in BD-N-UNCD-H (Fig. 3c), at
variance with BD-N-UNCD, can be likely related to the etching of near-
surface regions induced by hydrogen plasma treatment, resulting in the
detection of nitrogen previously buried below the surface [41]. In fact,
nitrogen diffusion phenomena can be reasonably ruled out, being
negligible at temperatures lower than 1500 °C [42].

For BD-N-UNCD-H, hydrogen can react with N-containing sites [43],
yielding the formation of C-NHy (x = 1,2) groups (see the Ny band in the
N1s signal of Fig. 3c [44-46]). These moieties are also partially
responsible for the Cy contribution to the Cls signals [47-49] (Fig. 3d;
see also the SI, pages S7-S8). The detected nitrogen signal can be
reasonably attributed to surface-localized nitrogen functionalities asso-
ciated with defect formation. Accordingly, XPS results indicate that the
Ho-plasma treatment likely promotes a surface reconstruction of the N-
UNCD layer, yielding a defect-rich surface generated by partial etching
of the outermost carbon structure.

3.2. Functional tests

The HER activity of the two target systems was investigated by LSV
measurements, both under illumination and in the dark (Fig. 4a-b).
Whereas black diamond surfaces with and without Hy-plasma surface
treatment did not present any significant photoactivity (Fig. S4 in the
SI), due to a strong charge recombination at the surface as recently
evidenced by advanced spectroscopic analyses [50], the situation turned
out to be different for BD-N-UNCD systems, and the activity underwent a
significant enhancement after hydrogen plasma exposure (compare

Fig. 4a and b; see also Fig. 4c). The significantly enhanced efficiency of
BD-N-UNCD-H in comparison to the homologous BD-N-UNCD specimen
is also corroborated by a ABPE curves (see Fig. 4d). This enhancement
can be traced back to the fact that Hy-plasma exposure induces the
formation of a large amount of surface defects (see the above reported
XPS results), yielding, in turn, improved functional performances.

It is worthwhile noticing that even the dark current density is
significantly higher for BD-N-UNCD-H in comparison to BD-N-UNCD
(dashed lines in Fig. 4a and b). This observation indicates that the
presence of graphitic microcolumns alone is not sufficient to ensure an
efficient charge carrier transport, since otherwise also BD-N-UNCD
should show similar behavior in terms of electrical properties. There-
fore, post-growth Hy-plasma treatment plays a crucial role in improving
the overall material behavior by promoting the formation of surface
states which, in turn, reduce the interfacial resistance and facilitate
charge carrier collection at the electrode/electrolyte interface. This
interpretation is consistent with the enhanced photocurrent gain
observed under illumination. The analysis of the Tafel plots under illu-
mination (Fig. 4f) highlights a more favorable HER kinetics for BD-N-
UNCD-H, as indicated by the lower slope (—273 mV/dec) in compari-
son to BD-N-UNCD (—429 mV/dec), that did not undergo any Ha-plasma
treatment.

To rationalize the present experimental observations, a sketch of a
plausible mechanism governing material photoelectrochemical re-
sponses is proposed in Fig. 5a. The N-UNCD layer provides the electro-
chemically active interface with the electrolyte, where charge transfer to
adsorbed species occurs. In this context, it is important to note that the
high density of grain boundaries, defect states, and the presence of non-
diamond carbon phases inherent to UNCD systems can significantly
modify the interfacial charge-transfer properties. These features are
therefore likely to contribute to the observed HER activity, in contrast to
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Fig. 3. a) XPS wide-scan spectra; b) Ols, ¢) N1s and d) C1s photoelectron peaks for BD-N-UNCD (red traces) and BD-N-UNCD-H (blue traces). For a detailed signal
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the behavior typically reported for ideal, bulk diamond plates. However,
due to its limited thickness and moderate conductivity, the N-UNCD
layer cannot by itself sustain alone significant current densities without
efficient charge replenishment from the substrate. Under dark condi-
tions, graphitic microcolumns embedded within the plate reduce the
overall series resistance, and provide preferential pathways for electron
transport across the otherwise highly resistive matrix. The application of
a post-growth Hp-plasma treatment further enhances the electrode
response by modifying the N-UNCD layer electronic properties, thereby
facilitating charge collection at the electrode/electrolyte interface. This
effect explains the higher dark current observed for the Hj-plasma
treated sample, and underscores the occurrence of improved carrier
transport conditions. Under illumination, the mechanism likely involves
the synergistic contribution of both the BD layer and the internal
graphitic network. The BD surface exhibits enhanced sub-bandgap ab-
sorption associated with defect-related states and sp? contributions at
the interface with the untreated region, which increases photocarrier

generation within the diamond plate, even at locations distant from the
active interface. These carriers can then be efficiently transported
through graphitic microchannels toward the N-UNCD interface, where
HER takes place, while the improved conductivity induced by Hp-plasma
treatment enhances carrier extraction efficiency, yielding a higher
overall photocurrent.

Based on the collected experimental results, the resulting photo-
response can hence be interpreted as an architecture-driven process in
which light harvesting (BD layer), charge transport (graphitic micro-
columns), and interfacial electrochemistry (N-UNCD surface) are
spatially separated, but functionally integrated within the same dia-
mond platform.

To attain a deeper insight into the interplay between material
properties and photoelectrochemical response, UV-Vis-NIR optical an-
alyses were performed (see Fig. 5b). The N-UNCD layer displays
measurable sub-bandgap absorptance associated with its mixed sp®/sp?
character and defect-related states (Fig. 5b, red line). Upon integration
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with the fs-laser-engineered BD region (Fig. 5b, blue line), a broadband
absorption enhancement is observed throughout the entire spectral
range. In particular, the increase is more pronounced in the NIR range
(800-2000 nm), indicating that the fs-laser-engineered BD acts as a
secondary absorber capable of harvesting photons with energy appre-
ciably lower than the intrinsic diamond bandgap. As concerns the Vis
range behavior, which is mainly of relevance in view of eventual prac-
tical end-uses, the BD-N-UNCD architecture exhibits an average
absorptance increase of ~20% relative to the reference configuration,
consistent with the optical gain analysis reported in Fig. S6 (SI).

In an attempt to perform a qualitative evaluation of material light
harvesting under the actual illumination conditions, a source-weighted
absorption index was calculated using the emission spectrum of the
LED employed during the photoelectrochemical testing (see SI, Fig. S7
and pages S11-S13). Since the illumination spectrum is identical for both
specimens, the relative Ipps variation yields information on the effective
photon absorption of each system. The BD-N-UNCD structure shows an
approximately 18% higher absorptance under LED illumination with
respect to the reference configuration (N-UNCD). This value suggests
that the optical gain is broadly distributed across the LED emission
range, rather than being driven by isolated spectral regions. An over-
view of the relevant spectral intervals, their physical origin, and their
expected impact on functional performances is provided in Table S3.

Overall, these findings demonstrate that laser-induced nanotexturing
enhances radiation harvesting in the operative spectral range, support-
ing its role in increasing photocarrier generation. Based on these ob-
servations, the additional performance improvement observed after Ho-
plasma treatment can be rationalized in terms of modifications of the
surface electronic properties and enhanced interfacial charge-transfer
processes, which are widely recognized as key factors governing elec-
trocatalytic activity [51].

By combining work function measurements with photoemission
data, a schematic energy band diagram (Fig. 5d) was derived. It should
be noted that each technique probes different aspects of the electronic
structure and brings intrinsic uncertainties; therefore, the present
analysis has to be interpreted as indicative of relative changes in band
alignment induced by surface treatment, rather than assigning quanti-
tative electron affinity values. KPFM analysis (Fig. 5c, see also Table S4)
estimates work function values of (3.9 &+ 0.1) eV for the BD-N-UNCD
sample and (3.5 + 0.1) eV for BD-N-UNCD-H (its Hy-plasma treated
counterpart). These values are in line with those reported in the litera-
ture for similar systems [52]. The Fermi level position relative to valence
band maximum, estimated from XPS valence band spectra (Fig. S8 in the
SI), was combined with bandgap measured by REELS (Fig. S9 in the SI).
Taken together, these data suggest that Hp-plasma treatment, producing
an etching of the outermost layers with the formation of defect states,
induces a modification of electronic surface properties, leading to sig-
nificant electrocatalytic performances.

Table S5 in the SI reports a comparison of the actual material HER
performances with representative literature data for diamond-based
cathodes. As can be observed, the performances of the specimen sub-
jected to Hy-plasma treatment (BD-UNCD-H) are well positioned in the
actual panorama, underscoring thus the potential of the adopted
approach for possible additional implementations. In this regard, in
view of eventual practical applications, the effect of material ageing was
also assessed. In particular, the target electrodes were stored at room
temperature under laboratory conditions for six months, and periodi-
cally subjected to electrochemical testing every 90 days. The obtained
results (see Fig. S10 in the SI) enabled to exclude appreciable current
density variations, underscoring thus a good stability of the target
photocathodes. The outcomes of XPS analyses after six months of peri-
odical electrochemical tests are reported in Fig. S11 in the SI. Decon-
volution of the main core level peaks (Fig. S12 and Table S7 in the SI)
evidenced, for both Cls signals, a contributing band centered at BE =~
289.2 eV (Cs), that could be attributed even to carboxylate/ester groups
[44,53], consistent with the occurrence of a partial surface oxidation
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arising from exposure to the electrochemical environment and/or
ambient air. In fact, quantitative analyses (Table S6 in the SI) indicated,
for both samples, an oxygen content increase to a mean value of ~ 13 at.
%, and, in particular, of the overall weight of band O, in line with the
above observations [53]. As concerns N1s signal, only band N, associ-
ated with -NHy groups, (see also Table S2 and related observations in
the SI), was identified after electrochemical tests, likely due to surface
chemical changes leading to the stabilization of amine-like N species.

Overall, the preliminary functional tests described so far highlight
the applicative potential of the proposed structures. Since diamond is
typically associated with relatively high overpotentials for HER [54], the
observed system activity likely arises from the combined effects that
drive the modulation of the interfacial processes. These factors can
significantly modify interfacial charge transfer phenomena [55] and
lead to measurable HER activity under conditions where pristine dia-
mond would remain largely inactive.

4. Conclusions

Laser engineered-diamond photocathodes were successfully devel-
oped by introducing an original architecture in which light harvesting,
charge transport, and interfacial reactivity are spatially separated, but
functionally integrated. The most significant result is the coupling of an
active electrolyte-surface interface (i.e., the N-UNCD layer) with a
template (i.e., laser-engineered diamond plate) which has several ad-
vantages with respect to boron-doped diamond (in terms of visible-light
absorption) or different substrates (like silicon), which can introduce
internal barriers for the carriers' flow. After a detailed physico-chemical
characterization by forefront complementary analytical tools, aimed at
elucidating the interplay between the system characteristics and the
adopted processing conditions, preliminary water splitting tests high-
light a measurable HER performance under Vis light irradiation, that can
be favourably amplified through a suitable processing of the active
material. The observed behavior can be interpreted as an architecture-
driven modulation of interfacial processes, rather than as an intrinsic
diamond catalytic property.

Optical analyses demonstrate that the black diamond nanotexturing
enhances photon harvesting within the operative visible window used
for the performed testing. This consistency confirms that the optical gain
is effectively distributed across the emission window of the light source
and directly contributes to photocarrier generation under working
conditions. In addition, Hp-plasma treatment of the N-UNCD layer yields
a performance enhancement thanks to the generation of defect states,
improving charge transport processes with respect to the as-grown N-
UNCD layer.

Taken together, the results of the present work demonstrate that the
adopted strategy stands as a promising tool to enhance the functional
performances of a single all-carbon photocathode architecture. In fact,
this study provides a benchmark for evaluating solar-to-chemical con-
version efficiency and demonstrates the system's potential applicability
under practical conditions. Based on the present data, additional per-
spectives for future research developments will concern an optimization
of the system properties and performances for the target applications. To
obtain a significant improvement of the performance and achieve
competitive results with more conventional systems, an optimization of
the charge transfer process at the catalytic surface could be obtained by
finally tuning specific physical parameters, such as the N-UNCD film
thickness, the level and uniformity of nitrogen incorporation, the crys-
tallographic quality and thickness of the underlying polycrystalline
diamond plate, and the depth and characteristics of the BD layer, as well
as the effects of the Hy-plasma exposure with respect to the etching time.
From a technological perspective, the fabrication strategy adopted in
this work relies on processing techniques that are already compatible
with industrial diamond manufacturing, such as fs-laser surface struc-
turing and MW-PECVD. Further studies could include SIMS analyses to
quantify impurity concentrations and assess compositional differences
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between the samples. Additional electrical and spectroscopic in-
vestigations (Hall effect and transient absorption spectroscopy) may
provide deeper insight into charge carrier properties and dynamics.
Complementary experiments, including tests in deuterated water, could
enable to shed further light into the process mechanism and extend the
approach to other processes such as nitrogen and carbon dioxide
reductions.
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