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Abstract

The surface chemistry governs most of the physical and chemical properties of nanodiamonds
(NDs). X-ray photoemission spectroscopy is a method of choice to characterize the surface of NDs.
The present paper reviews on XPS studies focusing on modifications of surface terminations or
grafting of biomolecules and polymers on NDs. The second part illustrates studies in which XPS can
even be used as a specific tool to investigate in situ the reactivity and the stability of NDs towards
various atmospheres like plasma or UHV annealing.
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Introduction

Nanodiamonds (NDs) have attracted raising interests from research groups and companies within
the last ten years. NDs can be obtained by crushing from bulk diamond grown by High Pressure
High Temperature (HPHT) or Chemical Vapor Deposition (CVD) or by detonation synthesis [1].
Indeed, NDs gathers very different physical and chemical properties combining some expected
from bulk diamond with new ones conferred by the nanoscale. In particular, surface effects were
found to be exalted due to the high surface to volume ratio (5 nm detonation NDs behave a
specific surface area of 400 m?/g). Surface chemistry is often the key governing this surface
reactivity [2]. Moreover, the rich carbon chemistry provides various pathways to graft molecules
of interest on NDs. This is specially required for applications of NDs in biology [3, 4], polymer
composites [5] or lubricants [6].

Depending on the nature of functional groups present at their surface, NDs can possess negative
or positive zeta potential in agueous suspensions. Different models have been proposed to relate
these opposite values to the surface chemistry of oxidized, hydrogenated or graphitized NDs [7, 8].
In addition, a control of the surface terminations can improve the colloidal stability of NDs in
various media. Moreover, recent findings have demonstrated that NDs can act as active particles
under X-ray illumination. A radiosensitization effect has been in vitro demonstrated in human
radioresistant cancer cells under gamma irradiation [9]. A specificity of plasma hydrogenated NDs
suspended in water was evidenced in terms of hydroxyl radicals overproduction under X-rays
compared to oxidized NDs [10].

For all the previous reasons, it is essential to perform an extended analysis of the surface
chemistry of NDs to better understand their reactivity in different atmospheres and media. Among
available techniques, X-ray Photoemission Spectroscopy (XPS) also known as Electron
Spectroscopy for Chemical Analysis (ESCA) behaves a place of choice. Indeed, it was regularly used
for bulk diamond to investigate the sp> / sp® carbon ratio, the doping with boron, nitrogen or
phosphorous, the surface terminations or grafted molecules at diamond surface. XPS was
particularly powerful to monitor the changes in surface electronic properties of diamond surfaces.
For hydrogenated surfaces of single crystalline diamond, it evidenced a negative electron affinity
(NEA) [11] whereas it was involved to demonstrate the formation of a surface conductive layer
(SCL) after adsorption of molecules onto the H-diamond surface [12].

The present paper reviews what XPS techniques have brought to the characterization of
nanodiamonds. After a brief presentation of its principle, it situates XPS capabilities versus other
characterization techniques like FTIR, TDMS, HRTEM, Raman or NMR. The artefacts linked to the
XPS analysis of nanoparticles with sizes smaller than 10 nm are discussed. XPS studies of NDs
which have underwent modifications of their surface either to induce different terminations or to
graft molecules of interest will be reviewed. In a last part, the ability of XPS to sequentially
investigate the reactivity of NDs toward different atmospheres will be illustrated with experiments
performed without air exposure of the samples. Finally, the future development of the XPS
technique will be discussed with advanced set-ups carried out in ambient conditions or on
synchrotron facilities.



1. The XPS technique

XPS is nowadays a well-established characterization technique based on the photoelectric effect
evidenced by Hertz in 1887 [13]. More details about its development since the mid-1960’s and its
complementarity with Auger Electron Spectroscopy (AES) were previously reviewed [14-17]. XPS
can be combined with Synchrotron radiation for an improvement of the energy resolution due to
the high flux of photons and a tunable photon energy [18]. Further developments of XPS like
photoelectron diffraction and holography were recently reported to study complex interfaces [19]
or to investigate the reactivity at solid/liquid interface for electrochemistry [20]. Nowadays, X-ray
photoemission can even be performed under high ambient pressure [19].

1.1 What can be measured by XPS?

The XPS technique provides an indirect calculation of the binding energy (BE) of photoelectrons via
the measurement of their kinetic energy (KE) using an electrostatic analyzer (Figure 1).
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Figure 1 XPS principle from [21]. hv is the energy of incident photons, BE and KE are the binding

and kinetic energies of photoelectrons, ¢ the analyzer work function, Vi, the local electrical
potential.

First, XPS permits to assess the chemical composition of the sample. All chemical elements except
hydrogen and helium can be probed. The atomic concentration for each element is calculated
using the corresponding photoelectric cross-section with depends on the original electronic state
of the photoelectron and the incident photon energy [22]. For an element, the BE of a given
electronic state will also vary versus the binding state of this element. The measurement of these
chemical shifts is very helpful to identify binding states of elements.

Types of bonds Binding energy (eV) references
Si-C 282.7 [23]
C-Cin diamond 284.5
C-Cin B-doped diamond 283.8
ligand (Ru complex) 285.3
COOH 287.8 [24]
C-F 289.3




Table 1: Binding energies at C1s for different materials or surface terminations of diamond films,
The same XPS set-up (monochromatic Al Ka source) was used in the same conditions.

As an illustration, Table 1 provides values of BE for the carbon 1s core level either for different
binding states of carbon in bulk materials (SiC, diamond) or to different terminations of diamond
surfaces. Chemical shifts correspond to BE difference from few tenth of eV up to 10 eV [14].

The probed depth depends on the photon KE, the set-up geometry and the sample nature. Indeed,
the material and the KE of photoelectrons significantly influence the inelastic mean free path
(IMFP) for photoelectrons in the sample [25]. Typically, this depth is included between 1 nm to 20
nm. For this reason, XPS is most often cited as a surface analysis technique. Playing with the
collection angle of photoelectrons toward the analyzer, the analyzed depth can be tuned. This is
the basis for Angle Resolved XPS technique (ARXPS) [19].

Physical and chemical effects which could enter in the interpretation and analysis of XPS spectra
were previously reviewed [26]. Some mechanisms like charge accumulation may lead to binding
energy shifts. To limit charging effects, the use of a beam of low-energy electrons and/or ions
ensures a charge compensation [27]. In that case, Vi.c can be neglected in the calculation of the
binding energy (Figure 1). On the other hand, electrical or optical signals can be applied to the
sample during XPS measurements [21]. Induced BE shifts are used to investigate dopant nature,
interfacial charges or photoinduced charge accumulation.

Details concerning the fitting of XPS data could be found elsewhere [14]. The quantification of XPS
and AES data must also consider the energy losses of photoelectrons in the solid matrix, especially,
the elastic scattering of electrons. These losses have been calculated via Monte Carlo simulations
[28, 29]. During their path into the matter, photoelectrons also underwent energy losses by
inelastic scattering. Among the likely mechanisms, the interaction of photoelectrons with the
electrons cloud lead to quantified energy losses called plasmon loss peaks (XEELS). These
structures recorded on the XPS spectra could be exploited in combination with core levels spectra
to investigate diamond surfaces [23, 30]. XEELS spectra have been used to investigate in situ the
reactivity of NDs under plasma or annealing (Part 3.2).

X-rays excited AES transitions (XAES) could be also collected on XPS spectra. The C KVV transitions
are very sensitive to the electronic configuration of carbon as two electrons from the valence band
are involved [31]. The use of X-rays excitation instead of electrons for AES prevents damages of
the sample during experiments. As a consequence, the fingerprint of carbon surface structure is
better obtained using XAES [32]. XAES and XPS studies were previously combined to compare the
electronic structure of different carbon materials (graphene, graphite, diamond) [33].

The Ultra-Violet Photoemission Spectroscopy (UPS) is based on the XPS principle, conventional
anodes (Al or Mg Ka) are then replaced by He | and He Il rays at 21.2 and 40.8 eV, respectively.
Using UPS, it is possible to probe the valence band of the analyzed sample. Such study has been
reported for diamond surfaces [34], especially to measure the electron affinity for different
terminations of diamond surfaces, especially hydrogenated and oxidized [35].

1.2 XPS compared to other characterizations techniques



In this paragraph, the assets of XPS technique are compared with those of other characterization
techniques (Table 2).

XPS FTIR HREELS NMR SIMS ICP-MS
Elemental analysis yes* no no yes yes yes
Detection limit 0.lat% ppm 0.01% of a ML** 0.1wt% ppm-ppb | 107-10" wt. %
Quantitative analysis yes no no no yes yes
Binding state yes yes yes yes no no
Destructive method no yes no no yes yes
Probed depth 1-20 nm | whole sample 1-2 layers whole sample few um | whole sample

* except H and He; **ML: monolayer
Table 2: Comparison of different techniques for material analysis

Probed depth

As already underlined, XPS belongs to surface analyses. The first nanometers of the sample are
probed and ARXPS allows to tune this depth to achieve a profile analysis. Nevertheless, other
techniques like High Resolution Electron Energy Loss Spectroscopy (HREELS) [36], Attenuated Total
Reflectance (FTIR ATR) [37] or AES [17] are probing the extreme surface (upper 2-3 atomic planes).

Detected elements and limit of detection

XPS is not sensitive to light elements like hydrogen or helium. Secondary-ion mass spectroscopy
(SIMS) [38] or neutron scattering are techniques which could allow to probe hydrogen in materials
[39]. The detection limit of XPS is dependent on probed elements. Indeed, photoionization cross-
sections could be very different from an element to another. For example, using an Al Ka anode,
these cross-sections are 0.8 for Si 2p and 25.4 for Cu 2p (in units of the Cls cross section which is
13600 barns [22]). The order of magnitude for XPS detection limit is around 0.1 at. %. In diamond
films, XPS allows to measure boron concentrations for highly doped films ([B]~1021 atoms/cm3). As
a consequence, lower boron concentrations cannot be detected contrary to SIMS or
Cathodoluminescence techniques. To detect impurities in the range 107 — 10 wt. %, Inductively
Coupled Plasma Mass Spectrometry (ICP-MS) is a method of choice (Table 2). It has been
extensively used to quantify metallic impurities in nanodiamonds [40].

Surface chemistry

With XPS, it is possible to assess the surface terminations of the sample, according to the chemical
shifts observed for different binding states (Table 1). On diamond surfaces, this has been exploited
to discriminate different oxygen functional groups like ethers, carbonyls, carboxyls by analysis of
carbon and oxygen core levels [41]. However, it remains difficult to obtain a quantitative analysis
for these different chemical groups because of assumptions needed in spectrum fitting.
Thermogravimetric Analysis (TGA), ATR and FTIR techniques appear very complementary to XPS
for such analysis (Table 2). Thermal Desorption Mass Spectrometry (TDMS) is also powerful to
identify functional groups according to their different binding states leading to different
desorption temperature under vacuum [42]. In the literature, XPS is often used in combination
with other techniques. For example, solid-state magnetic nuclear resonance (NMR) was used to
probe surface hydrogenated groups and sp® carbon in detonation NDs [43]. The surface oxidation



of diamond (100) surfaces was investigated by XPS in combination with SIMS, UPS and Rutherford
backscattering spectroscopy (RBS) [44]. To fully characterize the surface chemistry of
nanoparticles (NPs), Nuclear Magnetic Resonance (NMR) spectroscopy is often coupled with XPS
and FTIR [45].

Profile

XPS used in angle resolved XPS mode (ARXPS) can bring a non-destructive depth profiling [16]. It
constitutes an important advantage compared to alternative techniques based on ions: RBS or
SIMS (Table 2). Secondly, XPS is less sensitive to surface roughness which could induce shadowing
effects. Moreover, ARXPS avoids preferential sputtering or interface mixing, phenomena occurring
during SIMS measurements. As a consequence, simulations taking into account these mechanisms
should be used to interpret SIMS data for the analysis of nanometric layers [46]. Results obtained
by ARXPS were compared in details with other techniques for profiling [47].

sp’/sp’

The carbon hybridisation states in bulk materials can be studied from C1s core level. Nevertheless,
a recent report by Fujimoto et al. underlines the strong effect of surface charging on the
assignation of sp2 and sp3 contributions in XPS C1s spectra [48]. According to the experiments and
calculations done on 1 pum diamond particles embedded in highly oriented pyrolytic graphite
(HOPG), the carbon sp® component may be located at a lower BE compared to the sp” one. Such
observation is not been yet taken into account for XPS studies of nanodiamonds. XEELS
characterization is also sensitive to sp” carbon (r fingerprint). The shape of C KVV Auger transitions
allows to quantify the sp®/sp® ratio through the calculation of D parameter [31]. XAES reveals
extremely powerful to quantify the graphene structure and the hydrogenated bulk diamond [33].
Up to now, such XAES studies have been rarely applied to diamond nanoparticles (Part 3.1).

1.3 XPS to analyze nanoparticles

XPS is a pertinent technique to characterize nanoparticles (NPs) which are synthetized for
different fields of applications, for example in biology or catalysis. Indeed, it gives access to their
chemical composition and to their surface chemistry, both are strongly influencing the properties
of NPs. Nevertheless, the size of NPs may induce significant changes in XPS spectra and can affect
the intensity and the binding energies of XPS peaks. The inelastic background seems to be also
affected in case of nanostructured sample [49].

For NPs having a size lower than 10 nm, effects on XPS intensity have been evidenced [50]. Indeed,
these sizes are comparable to the mean free path of photoelectrons in the material. This means
that the whole particle is probed and this leads to an exaltation of the surface contribution to the
XPS signal (Figure 2).
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Figure 2 Evolution of the XPS signal from the surface versus the diameter of spherical particles
(from [50]). The curve in pink corresponds to a flat coating.

In that case, shape effects should be included in the XPS data exploitation. These aspects are
particularly critical to estimate the thickness of an external shell in core-shell structures.
Gold/Silver core-shell NPs were characterized by a combination of Scanning Transmission Electron
Microscopy (STEM) and XPS including simulations of the spherical multilayer [51]. Models have
been also developed to access the size of NPs [52, 53]. In addition, previous works have reported
up-shifts for binding energies of elements in a nanostructured form compared to bulk one [54].
This effect was also observed in Cls spectra for diamond nanoparticles compared to diamond thin
film grown by CVD (Figure 3). The Cls peak is broader (Full Width Half Maximum of 2.9 eV) for
detonation NDs and up-shifted by 5 eV compared to the diamond film. A review comparing
techniques allowing surface characterization of nanoparticles has been published by Baer et al
[55].
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Figure 3 Carbon core levels for a thin diamond film grown by CVD (in blue) and for 5 nm
detonation NDs (in green), peaks have been normalized in intensity

2. XPS for characterization of NDs

The XPS technique was regularly used for the characterization of raw materials either produced by
detonation or HPHT synthesis to measure the concentrations of impurities included in NDs (Part
2.1). Currently, NDs are deposited on a substrate starting from a colloidal suspension. To limit the
charging effects, a control of the thickness of deposited NDs is needed. Spin coating is usually
preferred to the drop casting. Many attempts were reported for the control of a homogeneous
surface chemistry by means of chemical or physical treatments [2, 56]. XPS allows to monitor the
modifications induced by these treatments at the surface of NDs (Part 2.2). Surface modified NDs
usually serve as a basis for grafting of biomolecules or polymers. XPS is one of the techniques
needed to characterize the grafted molecules (Part 2.3).



2.1 As received material

For raw NDs, XPS permits to measure the atomic concentrations of impurities. As previously
underlined (Part 1), only elements with atomic content higher than 0.1 at. % are detectable.
Oxygen and nitrogen are the common impurities reported in XPS analysis of as received NDs. The
nitrogen concentration is included between 1 and 6 at. % depending on the source of NDs and the
synthesis method: HPHT [57] or detonation [58, 59]. Oxygen concentration strongly depends on
purification steps (mainly acid treatments) applied to raw NDs to remove amorphous or graphitic
carbon and metallic impurities [59]. To quantify these impurities present at lower concentrations
(range 107 — 10™ wt. %), ICP-MS [40] or Laser-induced breakdown spectroscopy (LIBS) [60] are
frequently used.

The combined analysis of Cls and N1s or Ols core levels brings useful informations about the
binding state of nitrogen or oxygen at the NDs surface [61]. FTIR is an excellent complementary
method to better investigate the nature of oxygen and nitrogen functional groups at the surface
[62]. In some cases, other impurities like silicon or chlorine were reported in XPS analysis of NDs
[57, 60-61]. For NDs produced by milling of boron doped diamond films grown by CVD, the
concentration of dopants is usually insufficient to be detected with XPS (< 10** atoms/cm® i. e.
lower than 1 at %). For such NDs, the boron was indirectly detected by the Fano resonance
observed in Raman spectroscopy which indicates a boron concentration higher than 10%°
atoms/cm® [62]. Moreover, EELS spectra recorded in HRTEM microscope confirmed the
incorporation of boron in tetrahedral configuration in the diamond lattice [63].

Finally, the XPS analysis of raw NDs allows to investigate the carbon core level and to determine
the fraction of sp>/sp” carbon. Nevertheless, as previously mentioned (Part 1.3), artefacts related
to the small size of NDs, especially for detonation NDs, lead to shifts in position and broadening of
the C1s peak. These effects complicate the fitting of C1ls peaks compared to diamond films.

2.2 Surface modified nanodiamonds

During the last ten years, different surface treatments using physical (annealing, plasma) or
chemical means were reported to ensure a more homogeneous surface chemistry for NDs [2]. XPS
was often performed in combination with FTIR, TDMS, NMR or High Resolution TEM to
characterize the induced surface modifications. Main results will be summarized in this paragraph.

Hydrogenation

Two hydrogenation methods were developed to reduce oxygen functional groups at NDs surface:
one based on microwave plasma, the other using an annealing under hydrogen atmosphere [64].
XPS was used to measure the reduction of oxygen functional groups after microwave plasma
exposure [57] or after annealing under hydrogen [66]. The reduction of oxygen groups after
plasma hydrogenation was confirmed by the comparison of the carbon core levels for HPHT NDs
which confirmed the loss of C-O and C=0 bonds present at higher binding energy (Figure 4a). A
study of plasma hydrogenated detonation NDs by UPS revealed a slightly negative electron affinity
(NEA) while oxidized NDs exhibited a positive electron affinity before hydrogenation [67]. This
NEA, characteristic of hydrogenated diamond bulk surfaces, was more recently confirmed for
detonation NDs after plasma hydrogenation using Scanning Tunneling Spectroscopy (STS) [68].
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Figure 4 a) Comparison of C1s core levels for HPHT NDs before and after plasma hydrogenation
from [57] b) Evolution of O/C ratio versus the annealing temperature for hydrogenation of
detonation NDs from [66]

For the annealing under hydrogen of detonation NDs, the oxygen to carbon ratio extracted from
Cl1s and O1s showed that the suitable annealing temperature to ensure the maximum reduction of
oxygen groups is 600°C (Figure 4b). Authors also investigated the variation of sp® to sp> carbon
ratio from fitting the Cls core level. They claimed a decrease of this ratio for increasing the
annealing temperature up to 900°C. Due to artefacts linked to the nanometric size of NDs (Part
1.3), the CH, contribution located at +0.5 eV from the diamond C1s core level well observed for
boron doped diamond films after hydrogenation [69] cannot be detected for H-NDs. However,
these C-H bonds were well evidenced by FTIR for both hydrogenation procedures [57, 66].

Toward a selective oxidation of NDs

Different oxidation treatments were developed to form specific oxygen functional groups at NDs
surface. To generate carboxylic groups, oxidation of NDs was performed either by acid treatments
[70] or by annealing under air at 400-430°C [71]. XPS was used to characterize HPHT NDs (10-15
nm) after acid treatment (H,SO4/HNO3) [72]. The fitting of the C1s core level showed the presence
of C=0 bonds with a peak up-shifted of 2.6 eV from the sp> component after the oxidation. FTIR
well confirmed the formation of carboxylic groups. Oxidized NDs were then suspended in water
with a negative zeta potential of — 40 mV corresponding to the formation of carboxylate groups
(COO"), the basic form of COOH, for pH > 5. After applying an acidic treatment, a Boehm titration
(NaHCO3 in HCl) was successfully used to estimate the density of COOH groups present on
detonation NDs to 0.85 sites per nm? [73].

For detonation NDs annealed under air at 425°C, XPS revealed an increase of the oxygen content
from 7 at % to 15 at. % with a decrease of the sp2 content at Cls core level [61]. These results
were well confirmed by the evolution of the valence band. Initially, fingerprints of rings originating
from the graphite shells present at NDs surface are detected while after oxidation, C2p related to
o bonds and O2p clearly appeared near 8 eV and 24 eV, respectively (Figure 5).
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Figure 5 Valence band of detonation nanodiamonds before and after air oxidation from [61]

Several procedures promoting hydroxylation were also reported. Compared to carboxylic groups
which involve C=0 bonds, hydroxyl groups based on C-O bonds induce a lower chemical shift at
C1s core level (< 1 eV). Due to artefacts previously underlined, the Cls is broadened for NDs with
size smaller than 10 nm (Part 1.3). For this reason, XPS was less appropriate to characterize
detonation NDs after hydroxylation. Lithium aluminium hydride or borane in THF were used to
reduce carbonyl functions present at NDs surface [70]. FTIR characterization confirmed the
vanishing of carbonyls and the formation of hydroxyls. A similar protocol based on LiAlH; / THF
was also applied to detonation NDs [74]. XPS, FTIR and NMR revealed very complementary
techniques to characterize hydroxyls formation. For XPS, O1s core level was more sensitive to the
surface modification than C1s one for nanodiamonds. Finally, the Fenton reaction was reported as
another efficient method to generate OH groups at NDs surface as shown by FTIR [75]. Lastly, an
ozone treatment under 150-200°C was applied to detonation NDs. XPS and NMR confirmed the
reduction of sp2 carbon [76, 77]. In addition, the modified surface chemistry was characterized
using Temperature Programmed Desorption (TPD) and FTIR.

Graphitization of NDs

Annealing under vacuum can induce a progressive graphitization of NDs starting from their
surface. According to their small size, the temperature threshold to initiate this mechanism is
lowered compared to bulk diamond. A sequential approach of graphitization (annealing and XPS
performed under UHV) will be presented in the Part 3 [78]. XPS was used after air exposure to
characterize detonation NDs annealed at temperature included between 900°C and 1870°C [78].
The technique permits to quantify the increase of the spz—carbon peak downshifted from 1.3 eV
toward the sp3—carbon at the Cls core level. Moreover, for NDs annealed at 1330°C, the it plasmon
located at + 5 eV from the sp>-carbon was recorded. The study of the valence band showed the
progressive rise of the m bonding fingerprint at 2.8 eV which becomes sharper with annealing
temperature. A second structure related to ¢ bonding in graphite was simultaneously recorded.
For higher temperature, a full graphitization led to the total transformation of NDs into Onion Like
Carbon (OLCs). These XPS results were supported by HRTEM which showed the formation of
several graphitic shells around NDs after annealing at 1330°C and OLCs for higher temperatures
[79].
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Figure 6 C1s XPS spectra and CK edge XAS of NDs annealed at 260°C, 450°C and 700°C [80]

More recently, detonation NDs were annealed under vacuum at lower temperatures ranging from
260°C to 700°C. The goal was to initiate the early stages of graphitization to achieve the
deaggregation of NDs. XPS showed the increase of the carbon sp® component at Cls core level
(Figure 6) [80]. X-ray Absorption Spectroscopy (XAS) investigations at C K edge allowed to confirm
the formation of m* bonds (Figure 6). TEM and Raman were also used to analyze these surface
graphitized NDs.

Fluorination of NDs

Annealing of detonation NDs under F,/H, atmosphere was reported at temperatures ranging from
150 to 470°C [62]. By XPS, a component located at + 1.9 eV towards sps—carbon was observed at
C1s core level. It was assigned to fluorine covalently bonded to carbon. According to EDX analysis,
the highest fluorine content is 8.6 at. % for the annealing at 470°C. A combined FTIR study
confirmed C-F stretching bands. Another approach for HPHT NDs fluorination reported a radical
substitution of carboxyls by fluorine using a reaction catalyzed by Ag® [81]. The combined XPS
analysis of Fl1s, C1s and O1s allowed to confirm the covalent attachment of fluorine on NDs. The
C1ls spectrum revealed different binding states of fluorine with carbon, with three contributions
assigned to CF, CF, and CF; located at 2.1 eV, 6.5 eV and 9.2 eV from sp3 peak, respectively (Figure
7).
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Figure 7 C1s XPS spectra of fluorinated HPHT NDs [81]

Combination of surface treatments

The previous surface treatments have been also combined to improve the homogeneity of the
surface chemistry or to achieve other surface terminations of NDs. As an illustration, few examples
from the literature are discussed.

HPHT NDs first annealed under vacuum at 800°C were then oxidized under air at temperature
ranging from 500°C to 600°C [82]. The aim was first to generate graphitic carbon at NDs surface
and then to etch it efficiently under air exposure. The evolution of oxygen to carbon ratio was
measured by XPS versus the annealing temperature. FTIR and Raman were combined to this study.
In another report, surface graphitization of NDs was compared for as received and previously
ozone-treated NDs [59]. Each kind of NDs was characterized by XPS before vacuum annealing. The
atomic concentrations of carbon, oxygen and nitrogen were extracted. After annealing under
vacuum at 750°C, more sp’-carbon was present at the surface for pre-treated NDs according to
Raman. TDMS showed a higher oxygen concentration on these NDs and more carbonyl and
carboxylic acid anhydride functional groups. After a multi-step protocol starting from hydroxylated
NDs, amino groups were formed at detonation NDs [83]. FTIR showed the presence of N-H groups
at the surface. The evolution of the N1s core level indicated an increase of nitrogen atoms bonded
to sp3 carbon which is consistent with the formation of NH, groups at the surface. Lastly, plasma
hydrogenated HPHT NDs were exposed to UV under water vapor atmosphere [84]. The formation
of hydroxyl groups was evidenced by a combination of XPS and FTIR analyses. A density of one OH
group per nm was extracted from the data. Lastly, amino groups were produced on detonation
NDs in three successive steps: an acid treatment to form carboxylic groups, a chlorination under
Oxalyl Chloride in THF, an amination in THF under dry NH3 [85]. XPS allowed to show the presence
of chlorine after the second step and the enrichment in nitrogen after the amination (Figure 8).
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2.3 Functionalized NDs

Due to the versatile carbon chemistry, NDs could be functionalized with more complex molecules
like biomolecules, proteins or polymers. Such molecule attachment could be achieved either by
electrostatic interactions [86] or by creation of covalent bonds [87]. More often, such grafting
implies multi-steps starting from surface modified NDs (Part 2.2). XPS revealed a powerful surface
analysis to validate intermediate steps. As an illustration, the immobilization of proteins was
demonstrated on fluorescent HPHT NDs containing nitrogen-vacancy color centers from a
preliminary grafting of nitrophenyl groups [88]. In this study, the functionalization of nitrophenyl
groups onto HPHT NDs was carried out in water via the reduction of aryl diazonium salts under
ultrasons [89]. XPS allowed to detect the NO; terminations of the phenyl groups which led to an
additional component at N1s core level located at + 6 eV compared to the one corresponding to
nitrogen included in HPHT NDs. At C1s, the proximity of contributions originating from C-N and C-
O bonds located at + 0.8 eV and + 1.5 eV from sps—carbon, respectively, complicates the analysis.
The amount of NO, was deduced from XPS data for different grafting conditions. A FTIR study
completed this work. An alternative diazonium grafting was applied to HPHT NDs previously
hydrogenated. In this case, the electron exchange can arise thanks to the SCL of hydrogenated
diamond surface [84]. XPS revealed the presence of sp? carbon assigned to phenyl groups at
carbon core level while NO, groups were identified from the N1s core level. The bovine serum
albumine (BSA) was bonded to HPHT NDs grafted with brominated aryl diazonium groups followed
by a polymerization of tert-butyl methacrylate (tBMA) and a coupling with BSA [88]. The XPS
analysis of Br3d, Cls and O1s core levels permits a monitoring of the polymerization versus time
with an estimation of the polymer thickness extracted from data. As stated previously, FTIR
revealed very complementary to XPS to characterize the grafting.

A second example concerns the grafting of monomer polyethylene glycol (PEG) chains onto
detonation NDs to enhance their solubility in biologic media [90]. The goal is to get highly furtive
NDs for bioapplications. For this purpose, three steps were achieved: first, NDs were oxidized via
acid treatment to favor carboxyl functional groups at their surface. Then, carboxylic groups
reacted with thionyl chloride to form acyl chloride groups. PEG chains were grafted by an
esterification reaction of COOH from NDs with OH group at PEG chains (Figure 9). Polymer grafted
ratio extracted from XPS was found in agreement with the one measured by TGA. This study also



presented an alternative grafting of poly(ethylene glycol)methyl ether methacrylate (PEGMA)

through NDs behaving Br terminations [90]. XPS was used to evidence the Br termination.
Q o o x Q o
@ 80°C 7days @ Br gy ﬂ,
_—— D, 2 y o 5 §, CuBr,PMDETA
D 25001, ) 25°C 24h gy u r7 e
70°C 24 h
ND-OH ND-COCI NDSRPEG ND-OH ND-Br ND-poly(PEGMA)

mPEG: &) Poly(PEGMA): (ﬂ?p
Figure 9 Representations of PEG and PEGMA coatings of NDs [90]
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3. XPS to investigate the reactivity of NDs under different atmospheres

In the previous parts, the XPS technique was used as an analytical tool in combination with other
techniques to characterize the changes in surface chemistry of NDs after different surface
treatments (Parts 2.2 and 2.3). Samples were exposed to air before the XPS characterization. The
present paragraph will focus on few studies which used XPS to monitor surface modifications
induced by plasma or thermal treatments performed in vacuo, samples being analyzed without air
exposure. This sequential approach allowed to investigate the reactivity of NDs in different
atmospheres without contamination of samples.

3.1 Monitoring the surface modifications of nanodiamonds

Hydrogenation

As previously underlined, hydrogen termination is an efficient way to get a homogeneous surface
chemistry for NDs (Part 2.2). Surface graphitized detonation NDs were exposed to atomic
hydrogen produced by thermal cracking of hydrogen molecules at 10" mbar [91]. XPS performed
with synchrotron facilities revealed the removal of sp® carbon after exposure to atomic hydrogen
at Cls core level. This was confirmed by the valence band spectra with the vanishing of the =«
structure and the presence of the sp3 o (Figure 10b). An up-shift of the sp3 Cls component of 0.9
eV is observed for hydrogenated NDs compared to the graphitized one. It is assigned to band
bending. If hydrogenated NDs are annealed under vacuum at 930°C, graphitic external shells are
formed and the sp” signature is recovered in valence band spectra (Figure 10d).
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Figure 10 Valence band spectra recorded with photons of 55 eV: (a) as received NDs; (b) exposed
to atomic hydrogen; (c) vacuum annealed at 730°C; (d) vacuum annealed at 930°C [91]

The modifications of the electronic structure of detonation NDs exposed to atomic hydrogen (10°
mbar) produced by a hot filament were also monitored by XPS, XEELS and XAES [92]. The
estimated temperature of NDs under hydrogen exposure was 430°C. Contrary to the graphite
reference, NDs didn’t exhibit the m peak in the XEELS spectrum which looks very similar to
diamond. Nevertheless, the © contribution is detected in the XAES C KVV transition because XAES
probes the first upper planes. Belobrov et al. concluded about the presence of surface states
(05'c,°n") without overlapping of t levels.

Plasma hydrogenation of detonation NDs seeded on a substrate was investigated by XPS and AES
using a UHV set-up connected to a Microwave Plasma CVD reactor [93]. Plasma parameters were
tuned corresponding to sample temperatures ranging from 520°C to 860°C. After the plasma
exposure, the reactor was pumped down to a pressure of 7 x 10" mbar. A sequential XPS analysis
of surface effects of hydrogen MPCVD plasma was thus carried out. A plasma exposure at 700°C is
required to remove oxygen functional groups at NDs surface, no more oxygen is detected on XPS
spectra. If a higher sample temperature is reached under hydrogen plasma (860°C), an up-shift of
0.8-1 eV is observed at Cls core level. This result is in agreement with the one reported previously
for NDs exposed to atomic hydrogen [91]. The origin of this upshift is attributed to the non-
conductive surface of hydrogenated diamond. The kinetics of oxygen desorption has been also
investigated for plasma conditions corresponding to 520°C. XPS results showed only a partial
removal of oxygen functional groups at this temperature even after 2h of annealing. This
temperature is insufficient to break a part of carbon/oxygen bonds. The ageing at ambient air of
NDs hydrogenated at 700°C was studied. A strong adsorption of molecules was evidenced by XPS
(Figure 11a). This study demonstrated the reactivity of hydrogenated NDs towards ambient air. In
situ thermal treatments were then performed to remove adsorbed oxygen functional groups
(Figure 11b and c). This sequential investigation allowed to define the proper parameters for
plasma hydrogenation. A set-up devoted to plasma hydrogenation of NDs powder was further
developed [57].
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Figure 11 Evolution of Cls core level for plasma H-NDs (a) exposed to air ; (b) annealed at 400°C
under UHV; (b) annealed at 600°C under UHV [93]

Annealing or plasma exposure of NDs seeded on surfaces

Nanodiamonds are commonly used as seeds for growth of thin diamond films on various
substrates [94]. The knowledge of the reactivity of NDs under CVD plasma conditions provides
important informations on the nature of the diamond/substrate interface. Sequential XPS studies
have been carried out on silicon and silicon nitride substrates seeded with detonation NDs.

Hydrogen MPCVD plasma was applied to detonation NDs seeded onto silicon substrate [95]. A
sequential in situ XPS analysis performed in a UHV set-up connected to the MPCVD reactor
allowed to investigate the interactions between hydrogen species from the plasma and NDs. Two
different plasma conditions were applied corresponding to 720°C and 940°C for two durations 15
and 45 minutes. Whatever the hydrogen plasma, NDs seeds are preserved at the surface and
revealed after a short growth under CH4/H, CVD plasma.
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Figure 12 XEELS spectra (left) after H, plasma; (right) after H, plasma and a short CVD growth
(a) as introduced; (b) after a H, plasma at 720°C/15 min; (c) after a H, plasma at 940°C/15 min;
(d) after a H, plasma at 940°C/45 min [95]

The formation of a silicon carbide interlayer is evidenced by XEELS spectra after the H, plasma
(Figure 12 left). Indeed, in addition to the surface and bulk plasmons assigned to diamond located
at 24.4 eV and 34.7 eV, respectively, the one related to silicon carbide appears to 20.2 eV. The
silicon carbide signature was also found at C1s and Si2p core levels. XEELS recorded after the short
CVD growth well evidenced the formation of diamond crystals (Figure 12 right).

Under CVD plasma, both thermal and chemical mechanisms are involved. To better understand
the thermal stability of NDs seeded on silicon substrates, UHV annealing was applied to NDs at
different temperatures [96]. After thermal treatment at 800°C, NDs were preserved with a
comparable density versus non annealed sample as shown by XPS and SEM analyses after a short
growth step.

On the contrary, at 900°C, no diamond signal was detected suggesting a transformation of NDs.
After the UHV treatment at 900°C, the Si 2p core level (Figure 13c) and XEELS spectra showed the
signature of silicon carbide at the surface. This silicon carbide was not observed after the
annealing at 800°C. It is interesting to remark that the thermal stability of NDs is worse than the
one under plasma. Indeed, the previous study underlined stability of NDs up to 940°C. This was
attributed to the possible passivation of diamond surface by atomic hydrogen from the plasma.
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[96]

To avoid the interdiffusion between NDs and silicon, a similar study was reported on NDs seeded
on silicon nitride overlayer [97]. The goal was to assess the intrinsic thermal stability of NDs. The
temperature was varied within the range 400-1050°C. The in situ XPS analysis allowed to show the
evolution of carbon, oxygen, silicon and nitrogen atomic concentrations versus the annealing

temperature (Figure 14).
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Figure 14 Evolution of silicon, nitrogen, carbon and oxygen atomic concentrations versus the
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The oxygen concentration started to decrease at 850°C while it dropped at 1050°C (Figure 14). The
detailed analysis of the Cls core level showed that hydroxyl and ether groups were desorbed first.
At 1050°C, C=0 bonds are broken. NDs were found to be stable up to 1050°C, a short CVD growth
step leading to a diamond film close to full surface coverage according to SEM. No complete
transformation of NDs into carbon onions was observed even after the annealing at 1050°C.
However, for this temperature range, the graphitization of the diamond core of NDs has started
(Part 3.1). In this study, XPS and XEELS spectra were used to investigate the kinetics of desorption
of oxygen groups and the thermal stability of NDs.

Surface graphitization

Using the same sequential approach, the early stages of surface graphitization of detonation NDs
were studied by XPS after annealing under UHV [78]. The evolution of the Cls core level allowed
to monitor the formation of sp” carbon at NDs surface for different temperatures and durations
(Figure 15). At 700°C, only a weak sp? contribution is detected by XPS. The sp? contribution raised
with the temperature and annealing time. XPS allowed to show that the sp> core of NDs started to
graphitize at 1100°C with a decrease of the sp> component at Cls. Below 900°C, graphitic
reconstructions (fullerene like reconstructions [98]) are formed at NDs surface whereas for higher
temperature, several graphitic outershells are induced as shown by high resolution TEM studies
[78-79]. This XPS study was well correlated with the one of Liang et al. who investigated the
chemical reactivity of NDs annealed at 750°C to initiate arylation reactions [99]. NDs treated at
lower temperature didn’t exhibit this chemical reactivity.
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Figure 15 Evolution of Cls core level for different annealing temperatures and annealing times,
Cl, Cll and ClIl correspond to sp? carbon, sp> carbon and defects, respectively [78].



NDs were annealed under UHV at higher temperatures to reach a complete transformation into
onion like carbons (OLC) [100]. OLC were then evaporated onto silicon substrates. XPS performed
in situ revealed the signature of graphite at Cls core level. Raman spectroscopy confirmed the
presence of the D and G bands characteristics of graphitic materials and HRTEM showed the OLC
structure.

These sequential XPS studies were essential to investigate the kinetics of graphitization of NDs and
to adjust the graphitization stages from sp? reconstructed NDs to OLC.

3.2 Monitoring the reactivity of NDs

Hydrogenated NDs from aqueous colloidal suspension

Plasma H-NDs behaves a negative electron affinity (NEA) as shown by STS measurements [68]. To
investigate the reactivity of H-NDs towards water molecules, H-NDs stable in water were dried and
characterized by XPS [7]. The oxygen atomic concentration measured by XPS was 3 at. %
corresponding to an adsorption of water molecules. An in situ annealing at 400°C led to the drop
of oxygen down to 1 at. %. At the same time, the Cls peak underwent an up-shift in binding
energy of 1 eV (Figure 16). This upshift corresponds to the removal of the main part of adsorbates
from hydrogenated diamond surface. These experiments confirmed the formation of a surface
conductive layer (SCL) on H-NDs which were exposed to water. The presence of a SCL was
previously demonstrated for hydrogenated surfaces of bulk diamond exhibiting different
crystallographic orientations [12, 101, 102]. XPS allowed to monitor the removal of adsorbates by
in situ annealing.
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Figure 16 C1s core level of dried H-NDs from aqueous suspension (top) and after in situ annealing
at 400°C (down). Cl is related to a surface conductive layer formed on H-NDs after air exposure
while CIl and CIll are assigned to sp> carbon bonds from the diamond core and structural defects
and C-N bonds, respectively. [7]



Conclusion and Perspectives

The surface chemistry strongly governs the properties of nanodiamonds. X-ray Photoemission
Spectroscopy (XPS) is a technique of choice to characterize this surface chemistry either after
modifications of surface terminations or after a grafting procedure. For NDs of small size (< 10
nm), artefacts affecting photoemission peaks should be taken into account (Part 1.3). In the
literature, XPS is usually combined with other techniques like FTIR, NRM, TDMS, Raman or HRTEM
to fully characterize the surface chemistry and the crystalline structure of NDs. Indeed, these
techniques offer different probed depths, limits of detection and detected elements (Table 2). A
special attention should be taken for the deposition of NDs on substrates for XPS analysis to limit
the charging effects.

The present paper reviewed the main XPS inputs to characterize NDs after surface modifications
like hydrogenation, oxidation, graphitization or fluorination (Part 2.1). Several examples were
provided to illustrate the role of XPS in the analysis of functionalized NDs via multi-step protocols
(Part 2.2).

Most importantly, in situ sequential XPS permits to investigate the surface reactivity or the
stability of NDs toward different atmospheres like ambient air, CVD plasma or UHV annealing. The
analysis of core levels in XPS can be correlated with XEELS spectra while the valence band can be
probed either using synchrotron or by UPS. In addition, X-ray excited C KVV Auger transitions are
very complementary to XPS which gives access to the chemical shift while XAES contains the
convolution of m and n-c states in the valence band. The combination of these surface analyses
revealed fruitful to better understand the stability of NDs under plasma or annealing treatments.
According to the recent report of Fujimoto et al. [48] on 1 um diamond particles embedded in
HOPG, the charging effects on the position of sp2 and s,p3 carbon must be better understood and
taken into account in the XPS C1s spectra of nanodiamonds.

More recently, new techniques based on X-rays emerged, like X-ray emission (XES) and absorption
(XAS) spectroscopies revealed powerful to investigate interactions between NDs and solvent in
colloidal suspensions by probing carbon and oxygen K edges [103]. In particular, modifications in
the structure of water molecules surrounding NDs were measured for various surface chemistry
from hydrogenated to carboxylated and hydroxylated detonation NDs [104]. With the last
progresses of XPS instrumentation, set-ups are now able to operate at ambient pressure [105].
Using synchrotron facilities, XPS analysis can be performed on isolated nanoparticles. This
technique was previously used to investigate the photoreactivity of TiO, nanoparticles toward
water molecules [106]. These new experimental tools open the way for a deeper understanding of
interactions between NDs and solvents. This knowledge is required to achieve a higher control of
stable colloidal suspensions for applications in biology or energy.
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