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Abstract

Nanodiamonds (ND) are under active investigation for their unique properties and potential applications in energy,
guantum technologies, and nanomedicine. The surface chemistry of ND significantly influences their semiconducting
behavior, colloidal properties, and interactions with water and light. To gain deeper insights into these properties, this
study employs synchrotron X-ray photoelectron spectroscopy (XPS) to investigate the shallow surface chemistry of
isolated nanodiamonds in an aerodynamic jet. Employing a photon energy of 360 eV, we probed the surface of
nanodiamonds with a depth of 0.3 nm. Based on the collected data, the band diagrams of the particles have been
established, reporting the expected differences in electron affinity between the two surface chemistries. Interestingly,
both Ox-MND and H-MND showed fairly similar C1s core level signatures, a phenomenon discussed in detail within the
article, including the effect of residual water molecules. This raises important questions about the true interface formed
with water molecules when ND are in aqueous suspension, particularly in the context of their use as photocatalysts.

1. Introduction

Nanoscale diamond particles, i.e. nanodiamonds (ND), are currently under active investigation for their valuable and
combinable properties in the fields of energy, quantum applications and nanomedicine 3. Nanodiamond inherits most
of the outstanding properties of bulk diamond, in particular its semiconducting behavior for which surface chemistry plays
a key role?. For instance, the diamond lattice linked to hydrogen atoms confers to hydrogenated nanodiamond (H-ND) a
negative electron affinity (NEA), whereas oxygenated terminations (Ox-ND) lead to a positive electron affinity (PEA)°. The
corresponding band diagram of hydrogenated nanodiamond thus favors the emission of highly reducing solvated
electrons under UV illumination, which have been successfully used for CO, or N, photocatalytic reduction &” and more
recently for pollutant degradation 8°. A p-type conductivity can also be obtained at the H-ND surface via interactions with
adsorbates that act as electron acceptors through surface transfer doping >1%11, The related electrical conductivity was
measured for hydrogenated nanodiamonds of different natures and sizes 2. Apart from influencing semiconducting
properties, tuning the surface termination of nanodiamonds will also affects their colloidal behavior. ND can be stabilized
in water for months without any surfactant, but H-ND and Ox-ND aqueous suspensions will exhibit opposite surface
charges with positive and negative zeta potentials at neutral pH, respectively 3. If the cause of the negatively charged Ox-
ND is well known (deprotonation of carboxyl groups), the origin of the positive charge of H-ND is still debated.
Spectroscopic approaches #1> evidenced that surface chemistry influences the spatial arrangement of water molecules
surrounding ND. For H-ND, these works suggested a long-range disruption of the water hydrogen bonds network.
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Still regarding the influence of surface chemistry on ND physico-chemical properties, specific bel%% :i%rfoyg%@%med
considering light-matter interactions. For instance, aqueous colloids of hydrogenated nanodiamonds exposed to gamma
or X-ray irradiations revealed unusual overproduction of hydroxyl radicals and/or solvated electrons compared to water
radiolysis standards!®17:18 not reproduced on Ox-ND. On the opposite, photocatalytic hydrogen production via water
splitting under visible light was only reported for oxidized ND suspended in water®®. The mechanisms involved in hydrogen
production, including those taking place at the ND/water interface, are still unclear but are clearly specific to the oxidized
surface.

Thus, to shed light upon these specific properties of ND in water according to their surface terminations, an investigation
of their shallow surface chemistry is required to appreciate the real interface formed with water molecules when ND are
in colloidal suspension. In that sense, X-ray photoelectron spectroscopy (XPS) appears to be an appropriate technique to
study the surface chemistry of nanodiamonds??. Nevertheless, as the dimensions of the nanoparticles approach the
inelastic mean free path (IMFP) of the generated photoelectrons (which is a few nanometers in diamond), conventional
XPS data must be carefully analyzed to account for so-called “nano-effects”: the signal from the surface may become
predominant depending on the size of the nanoparticle. 2123, To mitigate this effect, smaller IMFP should be considered,
as previously performed on bulk diamond 242>, Another limitation of conventional XPS is the deposition of nanoparticles
on a substrate. Depending on the contact between the nanodiamonds (ND) and the underlying layer, inhomogeneous
surface charging can occur during analysis, which can distort both the appearance of the core levels photoemission peaks
and their binding energy positions. This aspect is particularly crucial when comparing hydrogenated ND, which are
conductive !, with oxidized ND, which are highly insulating.

In this context, this article aims to describe XPS analysis performed on a jet of isolated (or slightly aggregated)
nanodiamonds, directly produced from an aqueous colloid through a nebulizer and an aerodynamic lens 2%?7. Using a
synchrotron photon beam that intersects the jet of nanoparticles, photo-electrons coming from isolated ND were then
analyzed in energy. To probe the shallow surface of the nanoparticles, a photon energy of 360 eV was used, unless
specified otherwise, which corresponds to an inelastic mean free path (IMFP) estimated to 0.3-0.5 nm for C1s electrons
in diamond?82°, By employing a particle jet instead of a substrate deposit, it was thus possible to circumvent charging
effects. In this study, we focused on the surface chemistry of hydrogenated and oxidized nanodiamonds synthesized
through a milling process3°, as their electronic properties closely resemble those of bulk diamond.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.
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The XPS analyses presented below were realized on milled nanodiamonds (MND) that were oxidized (Ox-MND) or
hydrogenated (H-MND) in gas phase at high temperature, following procedures detailed in our previous studies®!?, Thus,
for complete characterization of these H-MND and Ox-MND, including dynamic light scattering experiments and infrared
or Raman spectroscopies, please refer to our previous paper?®,

(cc)

a) Hydrogenated MND
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Figure 1 Photoelectron spectra of hydrogenated milled ND (a) C1s spectrum recorded with a photon energy of 360

eV, (b) Valence band spectrum recorded with a photon energy of 100 eV. At photon energies of 360 eV and 100 eV,
the overall resolutions in the XPS spectra are 0.39 and 0.11 eV respectively. Binding energies are referenced to the

vacuum level defined with CO, gas.

Figure 1 (a) shows the C1s XPS of H-MND recorded for a photon energy of 360eV. Binding energies are referenced herc
to the vacuum level defined with CO, gas introduced into the UHV chamber which serves as reference (Eg=297.65 eV)3..
In these conditions, the C1s peak maximum of the H-MND nanoparticles is located at 288.6 eV.

In order to gain further insight into this spectrum, deconvolution and assignment of the components is mandatory, but it
is important to keep in mind that at this photon energy, only the very first atomic layers are probed. There is currently no
assurance that the predominant peak aligns with the signature of diamond C-C sp3 bonds, which would allow the
attribution of the others peaks. A comparative analysis with a Cls spectrum recorded on a conventional spectrometer,
i.e. a standard laboratory spectrometer equipped with a monochromatic Al Ka (1486.6 eV) X-ray source is thus proposed.
However, a straightforward comparison of both Cls is impossible, as the binding energies obtained on a conventional
spectrometer are referenced to the Fermi level of the material (Ef), whereas in the experiments carried out with the
synchrotron beam on the nanoparticle jet, the energies are referenced to Eyac given by the isolated CO, molecules which
serve as reference (see methods part) (Figure 2 (a)). Note that on our nanoparticles, it would be more appropriate to
consider a near-surface vacuum level, which corresponds to the energy level of an electron with zero kinetic energy
relative to the sample surface (Eyac(s)), distinct from the vacuum level at infinity (Eyac(e)), which represents the energy
of an electron at rest far from the solid surface 32. In XPS/UPS measurements, this (Eyac(s)) should be considered to build
a band diagram. However, due to the specificity of the measurement performed here, conducted on isolated particles
which are not in contact with a substrate, this local vacuum level cannot be strictly define, only the (Eyac(ee)) derived from,
CO, gas is available.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.
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To overcome this issue, referring both Cls spectra to the maximum of the valence band (Eygy) would allow reliable
comparison. Figure 1 (b) shows the valence band spectrum recorded on H-MND with the synchrotron beam, referenced
to Eyac derived from CO, gas. A maximum of the valence band at 5.1 eV is measured. With a conventional XPS approach,
avalue of 1.1 eV vs. E; was previously measured on similar H-MND 1°, According to these values, a simplified band diagram
is proposed in Figure 2 (a). Thanks to the synchrotron measurements, the valence band maximum of the H-MND can be
positioned at 5.1 eV below Eyac. From conventional XPS results, the Fermi level of the material (Ef) can be positioned at
1.1 eV above the valence band maximum. C1s maximum of conventional and synchrotron measurements can then be
reported, at 284.8 eV vs. E; and 288.6 eV vs. Eyac respectively. By adopting the valence band maximum (Eygyv) as a new
common reference, it appears that the two Cls maxima are nearly identical, both positioned at 283.6 eV, within the
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margin of the experimental error. This simplified band diagram further evidences that, if we consDiger a mg@%§2%54

[710.1

eV previously measured by reflection electron energy loss spectroscopy (REELS) on the same nanoparticles 1, a similar
negative electron affinity (0.3 eV) than the one measured by UPS in earlier reports >1%. This would evidence that the
vacuum level derived from the calibration gas is close to the local Evac of the nanoparticles, within the margin of the
experimental error.
The Cl1s spectra obtained on the synchrotron and the conventional spectrometers are shown in Figure 2 (b), both
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referenced to the Eygy. Note that the energy resolution of the conventional spectrometer for a Cls spectrum in our
analysis conditions is around 0.35 eV, which is in the same order of magnitude as the one for synchrotron XPS. This allows
the comparison made here.

Figure 2 (a) Simplified band diagrams of H-MND built from synchrotron and conventional XPS measurements (in red)
and values from literature (in blue) and (b) C1s spectra of H-MND recorded on synchrotron and on conventional XPS.

Considering the agreement in the position of the C1s peak and the similar energy resolutions of the two spectrometers,
we thus applied to both spectra the fitting parameters previously reported for the conventional XPS analysis 1°. Fitted
"= spectra are presented on Figure 3. The position and relative area of each contribution are reported in the Table 1.

Figure 3 Cl1s fitted spectra of H-MND recorded on a conventional and on the synchrotron XPS. Binding energies are
referenced to Eygy.
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Assignments Energy shift Conv. XPS Synch. XPS
(eV) C1s relative area (%) C1s relative area (%)

C=C sp? -1.1eV 1.0 2.3
C-C sp? C-Csp? 79.9 52.9
C-C defects +0.7 eV 15.9 8.4
C-OH +1.2eV 0.3 6.9
C-0-C +19eV 2.2 18.9
Cc=0 +3eV 0.6 6.0
COOH +4eV 0.1 4.6

Table 1 Details of the different contributions of H-MND fitted C1s and their relative area (in %) for conventional and
synchrotron XPS.

In both cases, the main peak corresponds to the C-C sp? bonds of diamond. The second contribution at higher binding
energy (+ 0.7 eV) can be assigned to defective C-C sp? bonds, including core and surface defects of the diamond lattice, as
well as sp? carbons in the vicinity of surface terminations. It is important to highlight here that hydrogenated surface
terminations, i.e. surface carbon atoms saturated with one or several hydrogen atoms, will not be directly visible by XPS
but their presence will contribute to this defective C-C component3334, The four others at higher binding energies are
related to oxygen functional groups with C-OH, C-O-C, C=0 and COOH bonds at + 1.2, + 1.9, + 3 and + 4 eV, respectivelv
1035 The peak recorded at lower binding energy (- 1.1 eV) corresponds to sp?carbon.

As the shallow surface is highly overexpressed with synchrotron XPS, we can note a significant decrease of the “bulk”
contributions, the C-C sp® and the one related to defects, from 80% to 53% and from 16% to 8%, respectively. At the same
time, contributions related to functional oxygen groups are all enhanced, from 3% to 37% in total. The important
proportion of carbon-oxygen functions at the surface of H-MND will be discussed later on.

Considering the peak related to sp? carbon, the contributions measured at 360 eV (synchrotron XPS) and 1486 eV
(conventional XPS) remain very close and very limited (< 2.5 % of the total Cls area). Such bonds may result from local
reconstructions of unsaturated carbon bonds after the hydrogenation gas treatment 3>. However, given that this
component is related to the surface of the nanoparticle, it is surprising that it has not increased when lowering the photon
energy.

b) Oxidized-MND
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Figure 4 (a) C1s spectrum of oxidized milled ND (Ox-MND) and CO, reference recorded with a Bglolt&rz)s\ég;ggf O?’ﬂ‘%o

eV. (b) Valence band spectrum of Ox-MND recorded with a photon energy of 100 eV. Binding energies are

referenced to the vacuum level defined with CO, gas.

241J

For Ox-MND, the C1s maximum is located at 291 eV with a FWHM of 2 eV (Figure 4 (a)). This peak appears significantly
wider than the one obtained for H-MND (Figure 1). Figure 4 (b) shows the valence band spectrum recorded on Ox-MND
with a maximum at 6.9 eV vs Eyac. With a conventional XPS approach, a value of 3.4 eV vs. the Fermi level (Ef) was
previously measured on similar Ox-MND °. Consequently, a band diagram built from these information is shown in Figure
5 (a). Here, 0.4 eV of difference is expected between the Cls maxima recorded on the synchrotron and on the
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conventional spectrometers. These band diagrams also reveal a positive electron affinity (PEA) of 1.5 eV, which is expected

As for H-MND, conventional and synchrotron XPS spectra were rescaled to the Eygy and are displayed on Figure 5 (b).

Figure 5 (a) Simplified band diagrams of Ox-MND built from synchrotron and conventional XPS measurements (in red)
and values from literature (in blue) and (b) C1s spectra of Ox-MND recorded on synchrotron and on conventional XPS.
Spectra are normalized in intensity to the main carbon contribution. Binding energies are referenced to Eygy.

We applied to both spectra the fitting previously reported for conventional XPS analysis?®. Fitted spectra are presented
on Figure 6. The position and relative area of each contribution are reported in the Table 2.
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Figure 6 C1s fitted spectra of Ox-MND recorded on a conventional XPS and on the synchrotron XPS. Binding energies are
referenced to Eygy.

Assignments Energy shift Conv. XPS Synch. XPS
(eV) C1s relative area (%) Cls relative area (%)

C=C sp? -1.1eV 4.0 10.7
C-C sp3 C-Csp? 76.1 27.9
C-C defects +0.7eV 11.1 214
C-OH +1.2eV 1.7 9.0
C-0-C +19eV 4.1 18.7
Cc=0 +3eV 2.6 7.8
COOH +4eV 0.4 4.5

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

Table 2 Details of the different contributions of Ox-MND fitted C1s and their relative area (in %) for conventional and
synchrotron XPS.

Open Access Article. Published on 22 September 2025. Downloaded on 10/1/2025 6:16:25 PM.

As the shallow surface is highly preferentially probed at 360 eV (synchrotron), we can note a significant decrease of the
E C-C sp? bulk contribution from 76% to 28%. As for H-MND, all contributions related to carbon-oxygen groups are
enhanced: from 9% to 40% in total. The C-C sp? contribution underwent a significant increase from 4% to 11% of the total
C1s area. For Ox-MND, the contribution related to defects (+ 0.7 eV vs C-C sp3) is exalted from 11 to 21%. This would
suggest a higher density of defects at the surface compared to H-MND (in agreement with HRTEM observations 19).

3. Discussion

In recent years, there has been a growing interest in nanodiamonds produced by milling (MND), particularly regarding
their surface chemistry, electronic properties, and colloidal behavior. The prevailing consensus is that these MND exhibit
significant similarities to bulk diamond, especially in their surface chemistry and electronic properties. This originates from
their excellent crystalline quality. For instance, IR, Raman and photo-electron spectroscopies of Ox-MND show an oxidized
chemistry composed of alcohols, ethers, carbonyls and carboxyls, similar to that seen for bulk diamond 713637 |t should
be noted that a residual sp? carbon is also generally measured on these Ox-MND. In contrast, H-MND, which is typically
obtained by annealing Ox-MND under H, at temperatures higher than 700°C 7-103%, exhibits a nearly complete desorption
of oxidized functions, accompanied by a decrease in sp? carbon %35, In a similar manner to bulk hydrogenated diamond,
a surface conductivity has been demonstrated by several research groups on these H-MND, either indirectly by infrared
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spectroscopy via Fano-type destructive interferences 3%3%3° or more directly by conductivity meggﬁg_%%%gﬁgg% cent
UPS/XPS studies conducted by our team have also revealed that this conductivity is likely assigned to adsorbates
originating from air and/or water, which induce a pseudo p-type behavior via a charge transfer mechanism 1.
Furthermore, we have demonstrated the feasibility of inducing and removing this pseudo p-type doping by exposing the

sample to vacuum annealing and re-exposure to water/air.

However, most of the spectroscopic studies cited above that have been used in recent years to investigate chemical and
semiconducting properties of H-MND and Ox-MND were carried out on nanoparticles that were drop-casted or spin-
coated on a substrate from a colloidal suspension. This methodological approach, mandatory for analyzing nanoparticles
with conventional tools, may not accurately reflect the surface chemistry of nanodiamonds as they exist in colloids.
Depositing a drop of solvent containing nanoparticles and then allowing it to dry can potentially alter their surface
chemistry, particularly with regard to adsorbates, as well as promoting strong interactions with the substrate during
spectroscopic measurements 9. Finally, with specific regard to XPS, it is important to remember that while this technique
is rightly considered as a surface analysis for bulk materials, it differs at the scale of nanometric particles. As briefly
mentioned in the introduction, at the energies usually employed in laboratory spectrometers (Al Ko 1486.6 eV), electron
escape depths are of the order of a few nanometers for diamond %°. Given the wide size distribution of MND 4%, which
ranges from a few nanometers to a few dozen, collected photoelectrons may originate either from the core for the
smallest nanoparticles or from the surface for the largest nanoparticles. Additionally, for the smallest nanoparticles (< 10
nm), an enhancement of the surface contribution may also arise, as clearly established by Baer et al.2?.

The results presented here have therefore the advantage of being truly “surface sensitive”, even at the scale ot
nanoparticles, since we probe mostly 0.3-0.5 nm beneath the surface. Furthermore, this approach by jet allows the
nanoparticles to statistically receive not more than one photon each*?, thus X-ray induced surface modification can be
avoided, thereby ensuring even more reliable results. Therefore, we have access to the real signature of the surface
chemistry of MND, as close as possible to what they are in colloids, with no risk of distortion of the XPS spectra due to
interaction with a substrate, a charging effect or even in situ modification under X-rays.

Considering all these factors, we can now compare accurately the surface chemistries of H-MND and Ox-MND. For Ox-
MND, an enhancement of surface-related functions (carbon-oxygen groups and sp? carbon) and sub-surface functions
(defective sp® C-C bonds) is observed compared to conventional XPS analysis, with a concomitant reduction of the core
component (C-C sp3). This finding is consistent with prior studies employing energy-resolved XPS on bulk diamond, which
demonstrated an enhancement of surface components for photon energies close to 360 eV 2443, In their study, Chemin et
al. reported a C1s core level of oxidized bulk diamond recorded with a photon energy of 335 eV (IMFP = 0.6 nm), where
the core component accounted for approximately 60% of the total carbon, without distinguishing between C-C sp? and
defective sp3 C-C bonds. Here, the combined contribution of C-C sp? and defective sp? C-C bonds reaches nearly 50% of
the carbon, which is comparable.

In contrast, the surface analysis of H-MND presents a more challenging aspect to address. Compared to Ox-MND, the C-C
sp? component constitutes the majority of the relative area in relation to the surface-related components. This is due to
the reduced presence of defective C-C bonds and sp? carbon bonds. This observation aligns with previous reports where

annealing under H, of oxidized surfaces has been shown to “heal” the surface defects and remove residual sp? carbon
10,35
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eV peak. O, gas was introduced into the UHV chamber as a binding energy reference (543.3 eV) %4

Another notable finding is the presence of "carbon-oxygen" related groups (from + 1.2 to + 4 eV) on H-MND C1s spectrum,
with proportions nearly identical to those observed for Ox-MND (37% of the overall C1s for H-MND versus 40% for Ox-
MND). Examining the O1s spectra recorded on H-MND and Ox-MND in Figure 7, it appears that both MND are covered
with a water layer (539.8 eV), with no obvious other contributions. Note that due to the geometry of the system, we can
ensure that this XPS signal is related to the surface of nanodiamonds and is not originating from the carrier gas and the
residual solvent #>. While these O1s spectra do not provide information about O-C components, which should be hidden
by the water signature, they do highlight the high affinity of H-MND for water.

The origin of these apparent C-O and C=0 signatures on H-MND C1s core level is a crucial aspect to investigate. IR
spectroscopy and conventional XPS highlight clear differences in surface chemistries between H-MND and Ox-MND, as
revealed in our previous study on nanodiamonds prepared under identical conditions®. Briefly, Ox-MND contain over 9
at.% oxygen, as measured by conventional XPS, with strong C=0 stretching modes in their IR spectrum. In contrast, H-
MND exhibit only 1 at.% oxygen, showing in their IR spectrum a near-complete disappearance of C=0 modes, replaced by
strong C-H stretching modes. However, these techniques either analyze the entire nanoparticle (IR) or account for a
variable portion of the core (XPS, as explained above). As a result, the surface chemistry may be masked by contributions
from sub-surface or core regions, which are revealed at the scale examined in this study. Nevertheless, if the H-MND
surface was truly oxidized, with a similar proportion of oxidized terminations as on Ox-MND, it would contradict the
electron affinity measurements. These measurements show a clear shift from positive for Ox-MND (+ 1.5 eV) to negative
for H-MND (- 0.3 eV), as determined from the position of the valence band maximum Eg\'°. It is therefore obvious that
there is an apparent incoherence between equivalent proportions of C-O/C=0 terminations as measured on C1s spectra
of Ox-MND and H-MND, while two clearly distinct signs and values of the electron affinity are simultaneously observed.
As recently reviewed by Hamers’ team, the negative electron affinity (NEA) is directly linked to the presence of H-
terminations and the associated C%-H% surface dipoles, while the positive electron affinity is linked to oxidized
terminations (C®-0%) 24, Therefore, two diamond materials evidencing such different electron affinities (in signs and
values) should exhibit very significant differences in terms of carbon-oxygen functions proportion at their surface?.
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f_EJ é At this stage, only hypotheses can be advanced to clarify this apparent contradiction. One can assume first a different
S S spatial location of C-O bonds at both MND surfaces, within the first nanometer of the nanoparticles. Such oxyger
< F functional groups may be present at the surface for H-MND, while it may be partially covered by the more abundant sp?
g carbon for Ox-MND (Table 2). Such hypothesis may lead to an underestimation of C-O bonds for the oxidized surface in
E the present XPS analysis which mainly probes the shallow surface at 360 eV. This hypothesis would explain the different
S| evolutions of carbon-oxygen contributions for a higher probed depth (at 580 eV): a clear decrease for H-MND (Figure 8)

and an unchanged signal for Ox-MND (Figure 8). However, for MND, we have no other experimental evidence to support
such surface structuring.

(cc)

Another possibility would be to consider that C-O and C=0 components may not be linked to carbon-oxygen groups
covalently bonded to MND surface, but may originate from some species adsorbed on their surface, which would not
affect the NEA. This postulate is supported by the Cl1s spectrum recorded at a higher photon energy of 580 eV on H-MND,
which allows to probe a little deeper into the particle (up to 0.6 nm). As shown in Figure 8 (a), the shoulder at 290.5 eV,
which would correspond to the signature of these species adsorbed on the H-MND surface, is less pronounced at higher
photon energies. At this stage, it is important to remind that these experiments reflect as closely as possible the state of
the nanoparticles as they are in the colloid, without any interaction with a substrate. In the present experiments,
nanoparticles are nebulized from the colloid a few fractions of a second before being analyzed, and they only dry for a
very short time. As a matter of fact, they remain surrounded by a thin water layer during the analysis, as shown by the
O1s spectrum (Figure 7) on which water signature is clearly visible at 539.8 eV %*. This water layer lying at the surface of
H-MND may also participate to the significant presence of C-O/C=0 terminations on their surface. Over the last two
decades, numerous theoretical and experimental studies have explored the spontaneous interactions between water and
hydrogenated bulk diamond surfaces*’~#°. These studies suggest that the dissociation of water molecules is likely to occur
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on both hydrogenated and bare diamond surfaces, a process facilitated by carbon dimers and daDn(%Iil%%Olg n nggﬁz”}gme
cases, the dissociation of water molecules on a diamond surface can result in the formation of weakly bounded carbonyl
and alcohol groups®®. The observed phenomenon may involve the formation of weakly bound C-O/C=0 terminations upon
contact with water, potentially located on dangling bonds and reconstructed surfaces, while the negative electron affinity
due to the C-H terminations remains preserved. It should be noted that in Chemin et al.** the Cls core levels of
hydrogenated bulk diamond surfaces, also characterized using a photon energy of 335 eV, do not exhibit such C-O and
C=0 functionalities. This is likely because a water layer is not expected to be preserved in these experiments, which are
performed under ultra-high vacuum conditions and on surfaces that have only been exposed to ambient air beforehand.

Addressing the potential existence of a chemical compound lying at the surface of the H-MND, it is also essential to
consider recent research works that have revealed their surface conductivity 10123839 and the pseudo p-type doping that
we measured by UPS experiments on the same H-MND 1! and which was also reported for equivalent material by Milaieva
et al. >. This pseudo p-type doping originates from a transfer doping mechanism, which requires the presence of electron
acceptors located at the surface. In the context of bulk diamond, molecular species such as O3, NO,, NO, and SO, have
been postulated and studied as electron acceptors, resulting in surface conductivity even at very low concentrations 4. In
our previous study, we hypothesized that NO,” and/or O; may be responsible for the pseudo p-type doping observed on
these H-MND . However, these species would not participate in the Cls signature of the H-MND shallow surface.
Focusing on carbon-based adsorbates involved in charge transfer doping, in their pioneering works during the 2000’s >0,
Maier, Ristein and co-workers mentioned HCO;™ anions originating from CO, dissolved in the adsorbed water layer at the
diamond surface. They proposed that HCO5;™ anions could be present at the diamond surface to compensate for the
positive charge of the h* layer. Nevertheless, according to the NIST database and literature®?, Cls signature of HCO;
anions adsorbed on thin film oxides should be located at binding energies ranging from 289 to 292 eV vs E;. Here is the
limit of this hypothesis, as we lack information on the binding energies of such anions adsorbed on nanodiamonds or
nanocarbons, referenced to Eyac.

Another possibility concerns the presence of adventitious carbon at the surface of MND. Thanks to the use of a
nanoparticle jet directly formed from the colloid, the usual contamination occurring during the exposure of drop-casted
particles to ambient atmosphere all along their preparation and storage is avoided here. However, when preparing the
colloid, the nanoparticles were necessarily exposed to air between the time they left the oven in which they were oxidizec
or hydrogenated and the time they were introduced into the ultrapure water before sonication. Under our experimental
conditions, this exposure to ambient air lasts a few hours up to a few days at maximum, during which we cannot exclude
that a small amount of adventitious carbon is deposited at the surface of the powder. In 2017, Greczynski et al. >3 studied
this adventitious carbon on different types of thin-films (metal, nitride, carbide, boride, oxide, and oxynitride) and
measured a constant binding energy of 289.6 eV vs Eyac Whatever the substrate >4. Considering our Cls spectra, this
binding energy seems a little bit lower than C-O and C=0 components. Thus, if we cannot exclude a contribution of this
incidental carbon, it would remain limited and it does not prevent anyway the demonstration of negative electronic
affinity (NEA) on H-MIND and positive one (PEA) for Ox-MND.

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

A better knowledge of the shallow surface of nanodiamond is required to deeply understand its unusual colloidal
properties and reactivity under illumination (radiolysis, H, production by water-splitting, etc.). The present study reported
on synchrotron X-ray photoemission measurements performed on isolated (or slightly aggregated) ND in aerodynamic
jet. In our experimental conditions (a photon energy of 360 eV), the probed depth was 0.3 nm. Using this original
configuration, possible charging effects linked to the substrate or in situ modifications of ND under the photon incident
beam can be excluded. Firstly, synchrotron XPS data allowed us to build band diagrams for oxidized and hydrogenated
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milled nanodiamonds (Ox-MND and H-MND). As expected, a negative electron affinity (NEA) Wago?;%%@g%@f%m%'\m
whereas the affinity turned positive for Ox-MND. Such behaviors are the fingerprint of well-controlled diamond
terminations as shown by the literature. Surprisingly, Ox-MND and H-MND exhibited quite similar C1s and O1s core level
signatures, with exalted oxidized contributions compared to conventional XPS (close to 40% of the Cls area). If it was
rather expected for Ox-MND, it was intriguing for the hydrogenated surface, which evidences NEA at the same time. As a
possibility to explain this contradiction, we postulated either on a different spatial location of C-O bonds at both MND
surfaces, on the role of an adsorbed water layer remaining on H-MND or on the presence of carbon-based adsorbates on
the H-MND surface. The hypothesis of HCO;™ adsorbates, which may be implied in the charge transfer doping observed

on these H-MND, was discussed. The contribution of adventitious carbon cannot be completely excluded as well.

Whatever the origin of these unexpected XPS Cls signatures, synchrotron X-ray photoemission performed on these
isolated particles in a jet revealed that hydrogenated and oxidized milled nanodiamonds finally exhibit very similar shallow
surface chemistries, despite exhibiting opposite electron affinities. This raises questions of the true interface formed with
water molecules when MNDs are dispersed in aqueous suspension, particularly in light of the growing body of research
on their use as strong reductive photocatalysts.

4. Methods
Materials

Milled nanodiamonds SYP 0-0.05 (purity >99.9%) were acquired from Van Moppes (Switzerland).

ND preparation

Oxidized (Ox-MND) and hydrogenated (H-MND) nanodiamond colloids were prepared following the procedure detailed
herel®. In summary, oxidation was conducted by annealing as-received MND (300 mg) at 480°C for 5h under air at
atmospheric pressure. For hydrogenation, 150 mg of Ox-MND were annealed at 750°C under pure H, with a flow of 50
sccm at atmospheric pressure. Then, 100 mg of treated powder were sonicated for 30 min in 2.5 mL of ultrapure water
(18.2 MQ.cm) using a Cup Horn Bioblock Scientific 750 W system, equipped with a cooling system. After a final
centrifugation step (40 min at 2400 g), colloids of H-MND and Ox-MND are collected and their concentration is measureu
by weighing the residue of a known volume dried overnight at room temperature.

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

IR spectra of all samples were acquired on a Bruker Alpha Il spectrometer, with 2 pL of suspension drop-casted and dried
under N, on the Platinum ATR system. They reveal the characteristic signatures of oxidized and hydrogenated surface:
with C=0 and C-H stretching modes, respectively (Figure 9). For more details, please refer to our previous studies'®8,
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Figure 9 : IR spectra of H-MND and Ox-MND.
Conventional XPS

The XPS analyses presented here, conducted using a conventional laboratory spectrometer, are derived from our previous
study on the same nanoparticles 0. Briefly, ND were drop-casted on a silicon substrate covered with a gold coating.
Measurements were performed on a Kratos Analytical Axis Ultra DLD spectrometer equipped with a monochromated Al
Ka (1486.6 eV) X-ray source and a charge compensation system (Manchester, UK). C 1s spectra shown in this study were
acquired at 10 eV of pass-energy to reach a higher energy resolution. Binding energies were referenced to the Auys,, peal’
located at 84 eV.
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Jet of nanodiamonds and synchrotron XAPS
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An aerosol flow composed of an Ar inert carrier gas and the sample in micro-droplet form is produced by atomization of
a suspension of nanoparticles, using a commercial aerosol generator Palas AGK 2000. The droplets are then dried with a
double-stage silica-gel dryer from TSI. The aerosol containing dried particles is then driven to an aerodynamic lens system
that produces a focused, continuously renewable, nanoparticle beam under vacuum from the aerosol stream at
atmospheric pressure. This is achieved by carrying the nano-aerosol flow through a 200 um limiting entrance orifice,
followed by a series of four compartments separated by diaphragms. The geometry of the system is identical to the design
previously used on PLEIADES beamline?®#>, It is part of a dedicated multipurpose source chamber and the system for X-
ray aerosol photoelectron spectroscopy (XAPS)* available on the PLEIADES beamline at the French national synchrotron
radiation facility SOLEIL.

The nanoparticle beam passes entirely through a 1.5 mm diameter skimmer and emerges into a high vacuum region
before crossing the soft X-ray beam. The pressure in the interaction chamber is maintained at around 1 x 107 mbar. The
beam of isolated nanoparticles crosses the synchrotron radiation beam, so that the interaction region between a
nanoparticle and soft X-ray photons is well defined spatially. It should be noted that the focused NP beam allows to
distinguish between the XPS signal related to the photoionization of NPs from the one originating from small
atoms/molecules such as carrier gas, residual solvent or the gas introduced for calibration?®.
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The XPS spectra were recorded using a wide-angle lens VG-Scienta R4000 electron energy analyz&rﬂ:%_fogg%r;ag;ggfzfggent
photon energies, depending on a desired ionization energy (valence or inner shell). The photon beam was produced by a
permanent magnet APPLE Il type undulator with 80 mm period and monochromatized by using the modified Petersen
plane grating monochromator and a high-flux 600 L/mm grating. For the photon energy calibration, the calibration gas
was introduced into the calibration chamber (downstream to the XPS measurements) by an effusive jet crossing at the
right angle of the SR beam and photo-ions were extracted and detected by a single channel multiplier (“Dr. Sjuts
Optotechnik GmbH”) connected to pulse counting electronics. The overall accuracy of the photon energy calibration in
the whole energy range was estimated to be 0.2 eV, not including the accuracy of the literature values used as reference

points.

For the photon energies used of 100 eV, 360 eV and 580 eV, the overall resolution in the XPS spectra was 0.11, 0.39, and
0.77 eV, respectively. The linearity of the photoelectron kinetic energy scale has been calibrated according to the 2p Ar
IPs>> measured by a Scienta XPS spectrometer under the same experimental conditions. The binding energy (BE) scale
with respect to the vacuum level of each particular recorded XPS spectrum was calibrated according to a closely lying XPS
line that corresponds to the ionization energy (IE) of an appropriate reference gas. The valence region was calibrated with
respect to the ionization energy of water at 12.62 eV (from NIST Chemistry Webbook). The C1s XPS spectra were calibrated
according to the CO, Cls IP at 297.7 eV 3. Note that an uncertainty the incident photon energy does not influence the
calibration of the binding energy scale, which only depends on the uncertainty in the linearity of the photoelectron kinetic
energy scale and the error of the reference value. The residual water molecules from the solvent are always present in
the interaction region, while calibrant gases (Ar and CO,) are introduced in the chamber through a side leak. The overal'
uncertainty of BE due to the calibration is estimated to be 0.1-0.2 eV.
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