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ABSTRACT
Diamond, a wide-bandgap material with unique electronic properties, has shown great promise as a photoreduction catalyst
due to its ability to produce highly reductive solvated electrons. However, this requires deep UV illumination, which hampers
its sustainable application for real-world photocatalytic processes. Here, it is reported that the tailored introduction of suitable
intra-bandgap states in diamond can be achieved by functionalizing nanoscale detonation diamond with a ruthenium-based
photosensitizer. The nature of the electronic interaction between the diamond, its surface and the surface-bound moieties is
elucidated through X-ray absorption, transient optical absorption, and ultraviolet photoemission spectroscopies both in vacuum
andwater. The electron emission upon irradiation with visible light is enabled by the surface-induced bangdap engineering. Solar-
light-driven reduction of CO2 to formate is performed as a proof-of-concept reaction. The potential for photoexcited electron
transfer (PET)mediated photosensitization in reductive diamond catalysis opens the way for the application of surface-engineered
diamond as a sustainable photo(electro)catalyst.
1 Introduction

The catalyzed reduction of CO2 into C1 and value-added hydro-
carbon products is a particularly attractive prospect; using a
notorious greenhouse gas to produce essential chemical building
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blocks and therefore has a prominent position in the develop-
ment of a carbon-neutral industry. Electrochemical reduction of
CO2 can yield a variety of products from predominantly two-,
four-, six- and eight- electron reactions to yield formate/formic
acid [1–4], CO [5–7], methane [8–10], methanol [11,12], ethanol
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[12], and acetic acid [13]. An effective catalytic system is essential
in the reduction of CO2 due to the significant kinetic barrier
associated with disrupting its linear geometry and high bond
enthalpy [14]. Because of this, the initial single electron reduction
of CO2 to CO2

∙− occurs at a significantly negative potential
(E◦ = −1.90 V vs. NHE) [10,15]. In the context of the over-
all multielectron, multistep reductions, a substantial potential
input is required to effect reasonable turnover rates in CO2
electroreduction [16].

Electro- and photocatalytic CO2 reduction is widely examined
in the literature. Electrocatalytic CO2 reduction is reasonably
efficient with regard to faradaic efficiency (>80% achieved)
[1,17,18,19]. However, there remain limitations in product selectiv-
ity and realized turnover [9]. Its place within a “green” workflow
is particularly hampered by a large energy demand in the form
of electricity due to high overpotentials required. In contrast, the
potentially very sustainable photocatalytic CO2 reduction, lacks
efficiency due to rapid in-volume electron/hole recombination,
achieving a poor yield per quanta of light [10,20]. Thus, novel
materials that are able to overcome these hurdles represent an
important element in the further development of sustainable CO2
utilization [21–23].

Boron doped diamond (BDD) is a wide bandgap semiconductor
(∼5.5 eV), exhibiting high electrical conductivity and unique
surface-termination dependent spectroelectronic properties [24–
29]. In addition, it can be produced from biogenic carbon using
renewable energy, avoiding the ecological concerns associated
with TiO2 (e.g., nanoparticle toxicity and energy-intensive pro-
duction) and Cu-based systems (e.g., copper leaching and aquatic
toxicity). Additionally, nanodiamonds benefit from existing large-
scale industrial production and CVD growth costs are steadily
decreasing [29,30]. As a result, BDD presents as an ideal,
sustainable material for challenging reduction reactions, with
electrocatalytic studies demonstrating high, tunable selectivity
to individual products, high faradaic efficiencies, high realized
production rates (150 µmol h−1 cm−2 at −2.5 V vs Ag/AgCl) and
excellent stability [2,3,5,31–39]. While demonstrably an excel-
lent electrocatalytic material, the opto-electronic properties of
BDD are even more striking. Depending on surface termination
(typically with hydrogen) the conduction band of diamond lies
above the vacuum level, and the barrier for emission of pho-
toexcited electrons in aqueous media is close to zero, associated
with a negative electron affinity (NEA) [20,22,28,40,41]. The
ejection of photoexcited electrons in such a manner results in
the formation of solvated electrons with significantly negative
reduction potentials (−2.9 V vs NHE) [42] and large mean free
paths (∼1 µm) and lifetimes (250–300 ns) [43]. Solvated electrons
are capable of directly effecting the initial 1-electron reduction
of CO2 without the need for direct substrate-catalyst binding,
greatly increasing the available reaction cross-section, resulting in
the photoelectrocatalysed reduction of CO2 with very promising
initial results [6].

However, the large BDD bandgap limits its application in sustain-
able photoelectrocatalysis due to the requirement of high-energy
UV (<225 nm) light. Not only does this involve an increased
energy requirement for the process, far-UV illumination also
results in the degradation of the diamond-aqueous solution
interface through surface oxidation (occurring following 2 h
2 of 11
illumination), impacting the solvated electron generation and
even etching surface carbon from diamond particles [44,45].

Thus, only sub-bandgap photoexcitation of diamond would
enable long-lived photocatalytic applications in a sustainable
manner. Although a diminished solvated electron generation
is observed upon sub-bandgap photoexcitation of unmodified
nanodiamond due to the presence of surface defect levels
[6,44,47], sufficient numbers of defect-related photoelectrons
could only be achieved at the price of a heavily distorted dia-
mond structure eventually compromising the surface-dependent
NEA [46,48].

In principle, heteroatom doping using nitrogen or phosphorous
as deep donor dopants could provide the required modification
of the band structure, however, this approach is limited by
the low n-doping efficiency in diamond [49–52]. Alternatively,
the introduction of exogenous surface states originating from
attached species (photosensitization) is particularly appealing as
it does not impact the core-diamond structure, thus avoiding
any accompanying changes in photostability, conductivity or
mechanical integrity. Functionalization of diamond materials
with pyrene and N3 dye (a ruthenium isothiocyanate bipyridine
derivative) exhibited photosensitization of the diamond through
hole-donation from the attached sensitizer to the diamond
band-structure [53,54]. While of particular interest in substrate
oxidation, this route of photosensitization is not suitable for
reductive photoelectrocatalysis, and photosensitization through
this route is yet to be demonstrated.

Herein, we investigate the engineering of suitable electronic
states within the diamond bandgap by functionalization with
a ruthenium-trisbipyridine derivative as a novel concept in
the development of diamond-based sources of highly reductive
photogenerated electrons. Ru(bpy)3 has been shown to be itself
not able to catalyze demanding reduction reactions such as
CO2 reduction and has been instead used as a photosensitizer
for other, catalytically active compounds [55,56]. The additional
electronic levels promote photo-induced electron transfer at the
surface of detonation nanodiamond (DND), enabling reductive
photo(electro)catalysis using visible light. Furthermore, in dec-
orating a BDD electrode with these nanodiamond particles, the
first proof-of-concept of a solar-driven, photoelectrocatalytic CO2
reduction on diamond is presented.

2 Results and Discussion

Detonation nanodiamond fully deagglomerated using attrition
milling [57] was functionalized with a ruthenium tris-bipyridine
derivative complex (Ru1) via non-conjugated (L1) and conju-
gated (L2) linker systems (Figure 1). The ruthenium trisbipyridine
derivative was chosen because of its established optical and
electronic properties, its stability and its wide application as a
photosensitizer [55,56,58,59]. It was predicted that the frontier
molecular orbitals would fit well in the bandgap of diamond,
based on comparison with literature [54], and would allow for
electronic interaction with the surface of diamond [60]. The
precursor complex (Ru1-C≡CH) was synthesized according to
literature [61] (for details see Supporting Information, Chapter
S2.1), exhibiting the required terminal alkyne component for
Advanced Functional Materials, 2026



FIGURE 1 Synthesis and structure of surface functionalizednanodiamond carrying rutheniumcomplexes as surface bound sensitizers. (a) attrition
milling of detonationnanodiamond inwater leads to fully dispersed diamondnanoparticles; (b)Diazoniumcoupling using amyl nitrite inwater yields the
linker functionalized nanodiamondmaterials DND-L1 and DND-L2; (c) CuAAC chemistry using Ru1-C≡CH, Ph3PCuI, sodium ascorbate in DMF/H2O;
(d) TEM image of DND-L2-Ru1, scale bar 5 nm.
Cu-azide-alkyne ‘click’ (CuAAC) ligation to the complementary
azide functionalized diamond nanoparticles.

2.1 Surface Functionalized Nanodiamond

Azide functionalized DND particle dispersions were produced
through diazonium-mediated radical coupling of the two linkers
L1 and L2 to the surfaces of DND particles in dispersion to
give DND-L1 and DND-L2. These particles were extensively
characterized with respect to surface loading (∼0.3 mmol g−1),
colloidal properties (ζ = +40–50 mV at pH 6) and surface chem-
istry (FTIR/Raman, cf. Supporting Information, Chapter S2.2).
CuAAC ligation of Ru1-C≡CH was achieved over the course of
several days to yield the ruthenium functionalized nanodiamond
dispersions DND-L1-Ru1 and DND-L2-Ru1. Characterization
through an extensive suite of methods for both conjugates was
performed, including UV–vis absorption, FTIR and X-ray pho-
toelectron (XPS) spectroscopies, as well dynamic light scattering
(DLS), thermogravimetric analysis (TGA) and elemental analysis
(EA). Representative analyses of DND-L2-Ru1 are shown in
Figure 2, with the full data set provided in the Supporting
information (Chapter S3 of the Supporting Information).

UV-Visible absorption and FTIR spectroscopy demonstrate the
retention of optical and structural characteristics of the ruthe-
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nium photosensitizer following DND attachment, with a slight
bathochromic shift (∼17 nm / 795 cm−1) in the 3MLCT ascribed
transition upon DND attachment observed for both systems irre-
spective of linker conjugation. Ruthenium-functionalized DND
dispersions demonstrated good colloidal stability, presumably
because of a conserved positive surface charge (ζ = +19-24 mV at
∼pH 6). The observed particle sizes (D50 values typically between
60–80 nm) in water even after prolonged storage times confirm
the good colloidal stabilization. These dispersions have also been
used to coat boron-doped diamond electrodes for photoelectrocat-
alytic experiments, ensuring a homogeneous distribution of the
particles on the electrode surface (see below Figure S30g,h).

Deconvoluted C1s regions of XPS spectra demonstrated a pattern
of C1s environments representing both core sp3 (C1s-1), surface
sp3 (C1s-2), C-O (C1s-3) and C = O (C1s-4/5) environments in
agreement with published literature values for other function-
alized carbon materials [62,63]. XPS spectra also demonstrated
notable peaks around 282 eV, characteristic of the 3d 5/2 compo-
nent of ruthenium in a +II oxidation state, further confirming
attachment of the ruthenium complexes to the surface (cf.
Supporting Information, Chapter S3.5) [54].

Quantitative elemental analysis of relevant DND species revealed
nitrogen/ruthenium content ratios around 8–9:1 when corrected
for core nitrogen content exhibited by the milled DND (mDND).
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FIGURE 2 Spectroscopic characterization of DND-L2-Ru1; Top left: UV–vis spectra of Ru1 (red) and DND-L2-Ru1 (black). Top right: FTIR
spectra of Ru1 (ATR, red) andDND-L2-Ru1 (DRIFTS, black), Bottom left: deconvoluted XPS spectrum ofDND-L2-Ru1 (insert: magnified region from
280–284 eV showing Ru 3d 3/2 shoulder and Ru 3d 5/2 peak), Bottom right: DLS particle size analysis of an aqueous dispersion of DND-L2-Ru1 (D10:
38.9 nm, D50: 74.6 nm, D90: 374 nm).
This reflects the nitrogen:ruthenium ratio exhibited in the
triazole-linked Ru-1 complex on DND, supporting aforemen-
tioned spectroscopic data suggesting conserved coordination
geometry for Ru1 (see Supporting Information, Chapter S3.5.2).

The colloidal stability, surface loading and optical properties
of the DND-Ru1 conjugates were retained following irradia-
tion under UV light for all particle dispersions (cf. Supporting
Information, Chapter S9) proving photostability under conditions
utilized for the emission of electrons applicable in photoelectro-
catalytic experiments. Additionally, we performed elemental and
XPS analysis before and after illumination with a Hg/Xe lamp in
KHCO3 solution and under applied bias confirmed the retention
of the ruthenium-functionalized particles on the coated electrode
surface under the relevant reaction conditions (Figure S30 and
Table S8).

The electronic properties and band edge/frontier molecular
orbital relationship of diamond and ruthenium photosensitizer
of ruthenium-functionalized mDND particles were investigated
with X-ray absorption spectroscopy and ultraviolet absorption
spectroscopy, with accompanying insight into the frontier molec-
ular orbital structure based on theoretical calculations.

2.2 Energy Alignment and Charge Transfer
Between the DND and Dye inWater

To better understand charge excitation and electronic transfer
processes in the system, we combine ultraviolet photoelectron
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spectroscopy (UPS) and X-ray absorption spectroscopy (XAS)
under vacuum to determine the alignment between the occupied
and unoccupied electronic states of the Ru dye and the DND.
Additionally, XAS measurements in water are used to probe the
new electronic equilibrium established after charge transfer with
the electrolyte. Upon immersion in water, equilibration between
the Fermi level of the dye/DNDsystemand the chemical potential
of the electrolyte leads to charge redistribution, which can mod-
ify orbital occupations and influence subsequent photoinduced
excitations and charge transfer processes.

The position of occupied electronic states was derived by UPS
shown in Figure 3b (and in more detail in Figure S13). For the
Ru1 complex, three electronic states at 2.1, 3.7, and 5.5 eV below
the Fermi level of a gold reference (EFAu) are identified. The
HOMO level is attributed to a metal centered molecular orbital
and is found at the same energy as in previous work on Ru(bpy)3
complexes [64]. On DND-L2-Ru1, the HOMO level is shifted to
1.9 eV (−0.2 eV compared to Ru1), which may result from the
electronic conjugation with the DND.

The partial density of unoccupied electronic states was deter-
mined by XAS at the C K edge measured in vacuum shown
in Figure 3a. The XAS of DND-L1-Ru1 and non-functionalized
hydrogenated DNDs (DND-H) are shown in Figure S11. DND-
H and both Ru-functionalized samples exhibit a rising edge
after 287 eV having contribution from core excitation to surface
states (C-H and C-OH) up to a maximum around 289.5 eV
corresponding to the conduction band minimum (CBM) as also
found on single crystal diamond and DND-H [62]. The XA
Advanced Functional Materials, 2026



FIGURE 3 Experimental determination of the band alignment. (a) XAS at the C K edge and (b) UPS of conjugated DND-L2-Ru1 (green) and Ru1
(red) in vacuum. XAS and UPS are shown on a unified energy scale (left) to allow an alignment of the energy levels to the vacuum level (right). (c)
Band alignment scheme of the DND-L2-Ru1 with the position of the VBM and HOMO determined by UPS and CBM and LUMO determined by the
XAS in vacuum. The 3MLCT state obtained from UV–vis is also indicated (red). The electrochemical stability window of water at pH 7 is indicated in
purple showing that at equilibrium, the 3MLCT state is populated. (c) XAS in water of DND-L2-Ru1measured in Total Ionic Yield. In contrast to vacuum
measurements, additional unoccupied electronic states are detected in the DND valence band (black arrows), which are interpreted in terms of electron
transfer to the conjugated dye.
spectrumof freeRu1 exhibits a doublet at 285.0 and 285.8 eV. Time
dependent Density Functional Theory (TD-DFT) studies suggest
this double peak feature originates from distinct chemical envi-
ronments of carbon atoms (carbon bonded to another carbon or a
nitrogen atom)within the ligand architecture of theRu1 complex
(cf. Supporting Information), representing the two lowest lying
unoccupied molecular orbitals (LUMO and LUMO+1) shown in
Figure 3a. The XA spectra for DND-L2-Ru1 shows an additional
shoulder at 286.2 eV, that is absent in DND-L1-Ru1, which we
attribute to an additional charge transfer state induced by the
conjugation in the linker, supporting a linker-dependent regime
of coupling. In the following, we focused on the conjugated linker
system, DND-L2-Ru1 due to this observation.

The energy level scheme of theDND–L2–Ru1 complex is shown
on the right side of Figure 3c. The VBM of the DND is estimated
from UPS at 0.2 eV below the EF of the gold reference (cf.
Supporting Information) and provides the absolute position of
the Ru dye’s HOMO. The XAS spectrum is aligned using the core
exciton of diamond, as previously reported [65] and considering a
bandgap of 5.5 eV. The energy of the core-hole exciton at the C1s
was estimated to be 0.2 eV for diamond [66] and 0.5 eV for C60
[67]. As no value was reported so far for DND to our knowledge,
we speculate that it is to be expected between these two values.
A slight NEA of −0.3 eV of the DND-L2-Ru1 is estimated from
this energy level alignment, slightly below the value reported on
hydrogen terminated DND (-0.8 eV) [68], most likely due to the
removal of some hydrogenated groups upon functionalization.
The resulting positions of the HOMO and LUMO of the Ru1
dye are consistent with their known energy gap (2.7 eV), further
Advanced Functional Materials, 2026
supporting the accuracy of this alignment. The 3MLCT state
(shown in red) is not observed in the UPS as it is unoccupied
nor in the C K-edge XAS, as it corresponds to excitation on the
metal center, but it can be placed relative to the dye’s HOMO
and LUMO. In vacuum, the Fermi level of the system is pinned
by charge transfer between the DND and the attached dye, lying
between theHOMOand the unoccupied 3MLCT state—very close
to the DND’s VBM [69]. However, when put in water, charge
transfer can occur between the DND, the dye and water. In water,
the chemical potential represented in purple in Figure 3c lies
above the 3MLCT state. It is likely that charge transfer in the
system in water leads to the population of this state [41].

The effect of solvation and charge transfer on the electronic
structure of the DND can be observed on the C K-edge XAS of
the DND-L2-Ru1 characterized directly in water in Figure 3d.
To this aim, Total Ionic Yield (TIY) XAS detection was used
(see Figures S14–S16). Interestingly, the unoccupied electronic
states in the pre-edge region appear strongly affected by aqueous
solvation. The peak at 286.5 eV corresponding to theC=Osurface
groups appears more pronounced, probably related to the NDs
surface oxidation in water under X-ray light. Some unoccupied
electronic states are observed at 281 eV, for energies in the valence
band of the diamond. Similar observations have been made on
DNDsdispersed inwater andwere interpreted by the formation of
valence holes following the charge transfer to thewatermolecules
[70]. The two absorption peaks of the ligand, that are clearly
observed in vacuum, are replaced by a large absorption band
between 283.3 and 286 eV and the unoccupied states 1.5 eV below
the measurements in vacuum align with the 3MLCT state of the
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Ru dye. We interpret these as charge transfers from the DND to
the dye populating the 3MLCT state similar to the charge transfer
of the DNDs in water leading to the formation of valence holes.

Additionally, TIY-XAS at the O K edge was used to study the
immediate environment of the diamond surface. This method
probes mostly the interfacial water in the vicinity of the DND-
L2-Ru1 (Figure S15). The XAS at the O K edge is highly sensitive
to the water hydrogen bonding. Interestingly, the electronic
structure of the interfacial water resembles water confinedwithin
porous carbon [71] rather than interfacial water around dispersed
DNDs [72]. This suggests that thewater contained inDNDs-based
thin films has a different hydrogen bonding than dispersed DNDs
likely due to confinement.

The electron transfer from the DND to the dye observed through
the in situ measurement of XAS is coherent with previous
findings. Dye sensitized diamonds studied previously report hole
donation from ruthenium dye to the diamond in case of B-
doped diamond films, where the HOMO of the dye is located
below the VBMof diamonds resulting in improved photocurrents
evidenced through photochemical experiments [54]. However,
these measurements also suggest that the populated 3MLCT
state state of the dye can be photoexcited. To demonstrate this
photoexcitation, we performed transient absorption spectroscopy
(TAS).

2.3 Photoexcitation and Charge Transfer
Dynamics

In order to probe possible charge transfer manifolds exhibited
by DND-L2-Ru1, TAS of this sample was compared to bare
DND-H and the Ru1 complex alone under deep UV (DUV,
225 nm) excitation (Figure 4). DUV excitation was chosen to
ensure one-photon band-to-band excitation of electrons above the
VBM, which ensure the emission of solvated electrons from the
DNDs [60]. In contrast to bare DND and Ru1, the TA signal
is stronger and notably shows a dip centered around 585 nm
(17 100 cm−1, 2.12 eV). This feature cannot be assigned to a ground
state absorption of the DND-Ru complexes as it does not relate
to any absorption band in the UV–vis steady–state absorption
spectra (Figure 2). Furthermore, since both fluorescence and
phosphorescence signals have been reported for Ru(bpy)3 with
much longer lifetimes, we attribute this observation to stimulated
emission [73,74].

In comparison to time-resolved spectroscopy of spontaneous
emission, we ascribed the emissive state at 585 nm to the 3MLCT
state of Ru(bpy)3 [73,75]. By comparing kinetic traces averaged
within and outside the dip region, a decay of the stimulated
emission signal within 2 ps is observed, contrasting with that
observed for bare DND. Followed by an apparent recovery until
about 10 picoseconds, the signal then decays in a manner similar
to the positive signal from the other spectral region of the DND-
L2-Ru1 trace. The overarching decay observed on the longer
timescale (ns) is similar to that observed for DND and NaI
solutions [76,77], likely due to diffusion-driven recombination
of solvated electrons with ionized DNDs [47]. The fast-decaying
stimulated emission signal, however, is absent in both DNDs and
in Ru1. In the latter, both TA and spontaneous emission signals
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are observed with lifetimes of several hundred nanoseconds
[73,74]. We attribute the stimulated emission to the excitation
of HOMO electrons generating holes, which are filled by the
deexcitation of the populated 3MLTC level (see schemeFigure 4c).
It starts very early as the level is already populated and likely
destabilized by the binding configuration with the diamond. Its
fast decay is possibly due to charge-transfer processes between the
DND and Ru1 [75], whereby either or both of the partners may
be in a vibronically excited state.

The 3MLCT state can be both populated and further excited to
generate solvated electrons. Photocurrent measurements, pre-
sented in the Figure 4d for a BDD electrode decorated with
DND–L2–Ru1, reveal a sub-bandgap photocurrent onset at
approximately 3.2 eV or 385 nm coincides with the appearance of
catalytic activity (Table 1) and the emission of solvated electrons
(Figure S17). At this wavelength, the photocurrent scales with
the square root of the irradiance (Figure 4e), indicating a single-
photon excitation process where the steady-state carrier density
is limited by bimolecular recombination under high photon flux.
The excitation threshold of 3.2 eV corresponds to promotion of the
3MLCT state into surface states of the diamond, which align with
the redox potential of solvated electrons, as demonstrated by the
blue arrow in Figure 4c. This alignment, previously determined
by X-ray spectroscopy (Figure 3), suggests that solvated electron
emission originates from photoexcitation of the dye’s 3MLCT
state into DND surface states located above the redox potential
of solvated electrons. In this mechanism, the dye transfers an
electron to the DND. The transfer from dye to DND is facilitated
by strong orbital delocalization of Ru1 through the L2 linker.
Evidence for such coupling is provided by the XAS spectrum
(Figure 3a), which displays new unoccupied states near 285.7 eV
that are absent in the spectra of the isolated dye or DND (see
Figure S11). Once injected into the electrolyte, the electrons
rapidly relax to the redox potential characteristic of solvated
electrons, while the hole in the dye is refilled via the DND,
whose valence-band maximum aligns with the 3MLCT state,
either through sacrificial electron donors in solution or through
electrical contact with the electrode. Overall, the DNDs act
both as electron donors to the dye and as emitters of solvated
electrons, thereby enabling visible-light-driven solvated-electron
emission.

2.4 Photoelectrocatalytic CO2 Reduction as a
Proof-of-Concept

As a proof of concept, pristine mDND (extensively cleaned
through multiple mineral acid and oxidation steps to elimi-
nate any possible metal contamination, Table S9) and Ru1-
functionalized DND film cathodes produced by coating a con-
ductive, polycrystalline diamond substrate with the respective
nanodiamond particles (see Supporting Information for details)
were compared for their performance in photoelectrochemical
CO2 reduction in 0.5 m KHCO3 (aq). The electrolyte was first
purged with N2 for 30 min and subsequently saturated with
CO2 for 1 h prior to electrochemical experiments. CO2 flow was
continued during reaction to maintain saturation during the
experiment. UV irradiation of the cathode was performed with
a 500WHg(Xe) arc lamp source. Current responses during CV of
the DND film electrodes are presented in Figure 5.
Advanced Functional Materials, 2026



FIGURE 4 Charge excitation and emission pathways of solvated electrons. (a) Spectro-temporal map of the transient absorption (TA) of DND-L2-
Ru1 under DUV excitation (225 nm). Red (blue) regions correspond to positive (negative) absorption changes. (b) Kinetic traces compared with Ru1 and
H-DND, averaged over spectral ranges inside the dip (blue, “STE”) and outside the dip (red, “ESA”). The inset shows the corresponding averaged TA
spectra integrated over 0–3 ps. (c) Band alignment of DNDwith the L2-Ru1 electronic states and the electrolyte, as determined experimentally in Figure 3,
illustrating the charge transfer processes populating the 3MLCT state. Photoexcitation arrows are drawn to scale. Excitation at 225 nm (purple arrow)
promotes electrons from the HOMO to DND surface states, leading to the observed STE from the 3MLCT state (red arrow). (d) Photocurrent spectra
of a reference single-crystal BDD (black) and BDD decorated with DND-L2-Ru1, showing charge emission upon excitation at 385 nm, corresponding
to visible-light excitation of the 3MLCT state (blue arrow in panel c). (e) Linear dependence of the photocurrent at 385 nm on the square root of the
irradiance, suggesting a charge-transfer-limited mechanism.

TABLE 1 Formate production in in aqueous KHCO3 solution and two ionic liquid systems with Ru modified and non-modifiedmDND-OBDD
electrodes.

Electrolyte
Electrode

material/catalyst Formate production / µmol cm−2 h−1

0.5 M KHCO3
a mDND-BDD 0.04

DND-L2-Ru1-BDD 0.06
DND-L1-Ru1-BDD 0.09

N1114BTAb mDND-BDD 0.42
DND-L2-Ru1-BDD 0.76
DND-L1-Ru1-BDD 0.74

N1123BTAb mDND-BDD 0.31
DND-L2-Ru1-BDD 0.56
DND-L1-Ru1-BDD 0.58

a0.5 M in H2O, at −1.2 V with CO2 flow under UV illumination for 1 h.
b3:1 IL:DMSO, at −1.7 V with CO2 flow under solar illumination for 1 h.
In Figure 5a for mDND coated electrodes very little current
response is seen except at potentials below −1.2 V in the presence
of N2 and CO2 which is likely due to the hydrogen evolution
reaction (HER). In contrast, in Figure 5b for the DND-L2-
Ru1 functionalized electrode enhanced reduction currents are
observed in the presence of CO2 compared to N2 with a potential
Advanced Functional Materials, 2026
onset of ca. −0.8 V vs. Ag/AgCl. This indicates spectroelectrocat-
alytic CO2 reduction is occurring at the DND-L2-Ru1 modified
electrode.

To investigate this further, NMR analysis of the liquid phase after
chronoamperometric experiments was carried out in aqueous
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FIGURE 5 CVs of (a) mDND and (b) DND-L2-Ru1 modified BDD electrodes in N2 (black 1) and CO2 (red 2) saturated KHCO3 under UV
irradiation using a 500 W Hg(Xe) arc lamp.
(0.5 M KHCO3) and ionic liquids (ILs) to detect the presence
of CO2 reduction products, which showed the presence of
formate as the predominant reaction product. Small amounts
of methanol have been also detected, however not in amounts
quantifiable with the applied methods. Future optimization
of the diamond based photocatalysis will require an in-depth
analysis of byproducts and competing reaction pathways such
as hydrogen evolution. Catalysis experiments were performed
under significantly negative potentials, to inhibit photo-induced
diamond oxidation and to optimize the optical response (based on
the results in Figure 5).Wewere limited in the aqueous electrolyte
to −1.2 V due to the overriding HER observed at more negative
potentials, however IL systemswere able to be subjected to−1.7 V.
A large number of samples were investigated for CO2 reduction
activity including the bare diamond substrate, substrates with
DND coatings in the absence of Ru, and the Ru-functionalized
DND coated electrodes. Typical general data are shown in
Table S7, where it can be seen that oxygen terminated bare
diamond substrates in aqueous media show virtually no activity
for CO2 reduction. As a consequence, significant observation of
catalytic activity can be attributed to the surface modifications
used. Specific results of pertinence to the current work are shown
in Table 1. Regarding the UV-stability of the Ru-functionalized
particles DND-L1-Ru1 and DND-L2-Ru1, after 1 h irradiation
with the UV lamp in aqueous dispersion without any gas satura-
tion the supernatant was analyzed by NMR spectroscopy and ESI
mass spectrometry. Neither method showed any decomposition
of the Ru-complex or the linker system. Although the dispersions
heated up by ∼20◦C, no aggregation took place (cf. Table S6).

The detection limits of the formate reaction product both in
KHCO3 (aq) and in ILs in our NMR analyses are approximately
0.01 µmol cm−2 h−1 and no formate is observed at this limit of
detection in the dark for oxidized diamond electrodes coated
with DND (cf. Supporting Information, chapter 10). Under UV
illumination, however, some activity was observed in experi-
ments withmDND coated electrodes and was further increased
with addition of DND-L1-Ru1 and DND-L2-Ru1 onto BDD
electrodes, consistent with previous TA experiments [60]. Both
the increased surface area of the coated nanodiamond particles
and the strong electronic coupling of nanodiamond and the
attached ruthenium complexes enhance the catalytic activity.
A significant improvement in CO2 reduction was obtained in
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experiments in IL media N1114BTA and N1123BTA, (Figure S21)
due to the increased solubility of CO2 in these solvents and
applied potential. The results obtained in specifically selected ILs
with Rumodified and non-modifiedmDND–BDD electrodes are
presented in the Table 1. Significantly improved reactivity is now
seen, enabling reaction products to be easily detected even under
solar radiation rather than UV.

According to the results presented in Table 1, the best activity
was observed in N1114BTA with both Ru-modified nanodiamonds
DND-L1-Ru1 and DND-L2-Ru1 dropcoated on BDD electrodes.
The electrodes modified with mDND without Ru, (mDND-
BDD), show in both ILs much lower activity. Compared to the
experiments with KHCO3 (aq), where activity observed under
solar irradiation was very low (<0.05 µmol cm−2 h−1 of formate
produced),much better performancewas detected in experiments
with ILs, where the amount of product obtained was almost 10
times higher. These results suggest that it is possible to move
from UV to solar irradiation if ILs are used. The performance
in ILs is similar for both types of linkers, non-conjugated (L1)
and conjugated (L2), and much higher than in aqueous media.
In ILs, yield of formic acid is on average nearly two times higher
than that of non-functionalized DND. The main reason for this
increase lies in the significantly increased solubility of CO2 in
these ionic liquids [78,79].

Comparison of the results obtained with other work shows
activity levels seen here (Table 1) are comparable or greater than
the circamax. 0.2–0.3 µmol h−1 cm−2 CO2 reduction rates reported
for nanodiamond suspensions or solid electrodes [6,45,80]. This
confirms that the control over reaction rates observed with the
Ru catalysts seen here is of significance in the general field of
CO2 reduction at diamond surfaces even without optimization of
the photocatalytic system. Based on our findings regarding the
energy level structure of diamond functionalized with a suitable
sensitizer, we will explore the photocatalytic activity of such
diamond-conjugates in future work.

3 Conclusions

In summary, we introduce here a tailored functionalized dia-
mond nanomaterial with suitable intrabandgap states that enable
Advanced Functional Materials, 2026



the generation of solvated electrons upon visible excitation.
The spectroscopic investigations using UPS, XAS and TAS
of ruthenium-functionalized nanodiamond indicate significant
electronic conjugation between the ruthenium based surface
moieties and the diamond, supporting a photosensitization based
system. The emission of solvated electrons from these conjugates
was proven by TAS. As a proof of concept, solar-driven CO2
photoelectrocatalytic reduction using this nanodiamond based
system based on a dye to diamond PET transfer process is
demonstrated for the first time. Reaching photoelectrocatalytic
yields of up to 0.76 µmol cm−2 h−1 under solar illumination
at −1.7 V, these results demonstrate the principal applicability
and represent a significant step in the development of novel
diamond based reductive photoelectrocatalytic systems. In con-
firming the feasibility of solar CO2 reduction, this work opens
the route to the development of scalable, sustainable strate-
gies through further photosensitizer development and reactor
design. Future research will be driven toward other, more
benign sensitizers. The ultimate goal of photocatalysis in aque-
ous electrolytes, will require additional efforts also in reactor
design, such as increasing the CO2 pressure and/or using thin
liquid falling film reactors as potential avenues for further
development.
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