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Nanodiamonds (NDs) are versatile, broadly available nanomaterials with a set of features highly attractive for
applications from biology over energy harvesting to quantum technologies. Via synthesis and surface
chemistry, NDs can be tuned from the sub-micron to the single-digit size, from conductive to insulating,
from hydrophobic to hydrophilic, and from positively to negatively charged surface by simple annealing
processes. Such ND diversity makes it difficult to understand and take advantage of their electronic
properties. Here we present a systematic correlated study of structural and electronic properties of NDs
with different origins and surface terminations. The absolute energy level diagrams are obtained by the
combination of optical (UV-vis) and photoelectron (UPS) spectroscopies, Kelvin probe measurements,
and energy-resolved electrochemical impedance spectroscopy (ER-EIS). The energy levels and density of
states in the bandgap of NDs are correlated with the surface chemistry and structure characterized by
FTIR and Raman spectroscopy. We show profound differences in energy band shifts (by up to 3 eV),
Fermi level position (from p-type to n-type), electron affinity (from +0.5 eV to —2.2 eV), optical band gap

(5.2 eV to 5.5 eV), band gap states (tail or mid-gap), and electrical conductivity depending on the high-
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Accepted 16th June 2023 pressure, high-temperature and detonation origin of NDs as well as on the effects of NDs' oxidation,

hydrogenation, sp?/sp® carbon phases and surface adsorbates. These data are fundamental for
understanding and designing NDs' optoelectrochemical functional mechanisms in diverse application
areas.
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host multiple surface functional groups.*” The diamond lattice
in the ND core keeps the bulk-like diamond structure down to

1 Introduction

Diamond nanoparticles, so-called nanodiamonds (NDs), are
fascinating carbon-based nanomaterials, characterised by
a rigid and stable diamond core and a reactive surface that can
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a few nm,® and allows the possibility to host stable colour
centres such as nitrogen or silicon vacancies in sub-10 nm
NDs.”” In contrast, due to the extremely high surface-to-volume
ratio, it is the surface chemistry that controls NDs' colloidal
and, in particular, electronic properties as well as interactions
with other materials including biosystems.'*™® Oxidized and
hydrogenated ND surfaces can be understood as two counter-
parts in terms of zeta potential sign as well as the remarkable
difference in their work functions,™ and electrical conductivi-
ties.” By analogy with experimental data on the negative elec-
tron affinity (NEA) of hydrogenated diamonds and the positive
electron affinity (PEA) of oxidized diamonds,*"® the calcula-
tions for NDs show that hydrogenated (and hydroxylated while
in vacuum) NDs possess NEA,'** while oxidised NDs exhibit
PEA.*® Moreover, NEA in nanodiamonds falls into two classes
due to the lattice strain. The first class with a low NEA between
—3.3 eV and —4.5 €V is strongly size-dependent. The second
class with the higher NEA between 0 eV and —2.0 eV depends on
ND anisotropy, but not on size.*

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Commercially available NDs often contain a non-diamond
carbon phase (in the form of sp> or amorphous carbon) that, for
example, significantly impacts the catalytical®* or colloidal
properties of NDs after hydrogenation.*® This set of unique
chemical and structural properties as well as the great modifi-
cation window makes NDs promising in various energy-
oriented applications. For example, the successful application
of NDs has been reported in photo-**** and electrocatalysis,*
supercapacitors,*® batteries®” and in optoelectronics as electron
emitters,*® electrode substrates®® and materials for solar cell
components.***

For understanding the roles of NDs and the effects they may
have on the optoelectronic applications, knowledge about their
energy band structure is essential. Usually, energy levels of
nanodiamonds are approximated by the energy levels of the
bulk diamond**** which may not be easily applicable due to the
above-mentioned large variability in the ND material properties,
namely the size, structure, and surface chemical properties. So
far, only partial data and sometimes inconsistent data have
been reported. In particular, only relative energy level shifts
have been shown in NDs with oxidized and hydrogenated
surface chemistry**** and inconsistent values of ND electronic
bandgaps were reported.**** Also, support by theoretical
approaches is limited to very small ND models due to the
enormous computational cost of the larger ND particles. Here,
by means of density functional theory (DFT) calculations, the
energy diagrams for sub-1 nm NDs of different surface chem-
istries were constructed.*® However, the direct applicability of
the data obtained for such small NDs is questionable due to the
inherent quantum confinement at this scale.*®

This work presents the comprehensive opto-electronic-
chemical study of the as-received, fully hydrogenated (reduced)
and fully oxidized NDs. Certain variation of the ND structure is
ensured by the employment of monocrystalline high-pressure
high-temperature (HPHT) and “polycrystalline” and defective
detonation NDs (DNDs). UV-visible, ultraviolet photoemission,
and electrochemical impedance spectroscopies are combined
with the Kelvin probe and the absolute values of the energy
levels for NDs are presented and elaborated by the electronic
density of states. The profound effect of the non-diamond phase
in NDs of particular surface chemistries is discussed. Finally,
the model comprising the combined effect of the surface
chemistry and the carbon hybridisation on the energy levels is
suggested which opens the way for predicting the ND behaviour
in the prospective applications and explains the ND function
mechanism in the reported optoelectronic applications.

2 Experimental part
2.1 Materials

Nanodiamonds of different origins and surface chemistries
were the subjects of this study. NDs of detonation origin
(DNDs) were purchased from New Metals and Chemicals
Corp., Japan (purity >98%). The mean size of the primary DND
particles is ~5 nm. This sample in the as-received state is
further denoted as DND-ar. Monocrystalline high-pressure
high-temperature (HPHT) NDs were purchased from Pureon,
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Switzerland. The size range is 0-30 nm and the mean size is
~18 nm, the least of the commercially available sizes for HPHT
NDs. This sample in the as-received state is further labelled as
HPHT ND-ar.

The surface annealing of NDs was performed with the
optimal parameters to assure the fullest hydrogenation/oxida-
tion keeping a similar size distribution to the as-received ND
material®” (Fig. S17). To prepare oxidized DNDs, air annealing at
450 °C for 30 min was performed which leads to surface
oxidation and purification;*® longer annealing and/or higher
temperature already leads to unwanted etching of the DNDs.?**°
Due to an average larger size and monocrystalline structure,
HPHT NDs can be nearly completely purified from the sp>-C at
450 °C for 300 min.** This is the well-established and widely
used (i.e. relevant) annealing procedure in the air that has been
proven many times for cleaning and oxidation of the nano-
diamond surface*” and introduction of the carboxylic groups or
their corresponding dehydrated forms—anhydrides on the ND
surface.*® The oxidized DNDs are denoted as DND-O and
oxidized HPHT NDs as HPHT ND-O.

Hydrogenation of DNDs is already a well-established
process.** It was shown that for complete hydrogenation of
DNDs in hydrogen gas, a temperature of 600 °C is sufficient.*>*’
However, to fully hydrogenate HPHT NDs, a significantly higher
temperature of 750-800 °C is needed as shown recently.**>°
Thus, to hydrogenate the ND surface DND-ar and HPHT ND-O
were annealed in hydrogen gas (flow rate was 5 1 min~") for 6 h
at atmospheric pressure at 700 °C for DNDs and 800 °C for
HPHT ND.*® The hydrogenated samples are labelled as DND-H
and HPHT ND-H.

2.2 Preparation of ND samples for characterization

Each ND stock colloid was prepared by sonicating 1 mg of
a particular ND powder in 1 ml of deionized water in a 2 ml
polypropylene test tube using a sonication horn for 1 h at 100 W
(Hielscher UP 200s sonicator and S2 titanium sonotrode) in 0.5
s on/off regime. Cooling was ensured by immersing the test tube
in a 1 1 container filled with cold water. Such prepared colloids
were used for DLS measurements and 100 times diluted (to
reach 0.01 mg ml~" concentration) for UV-visible spectroscopy
measurements. The uniform layers were deposited by spin-
coating colloids at 1500 rpm on gold-coated silicon substrates
for KP, UPS, and XPS and ITO for ER-EIS measurements. For
measurements of work functions of NDs by KP without adsor-
bates, the samples were annealed in a glove box in a nitrogen
atmosphere for 1 h at 250 °C (ref. 14) and then kept in the glove
box during all the measurements.

To study the scattering contribution we fractionated the
DND-ar stock colloid (Fig. S21). We extracted a transparent
fraction with a DND-ar size range of 10-70 nm by centrifuging
(Eppendorf Mini plus) the stock colloid at 14 500 rpm for 1 h,
after which 0.8 ml of the supernatant was isolated and charac-
terised by DLS and UV-vis (previously diluted to 0.01 mg m1™%).
The fraction with 70-700 nm of DND-ar, which caused turbidity
of the DND-ar colloid, was obtained by decanting the stock
colloid overnight. Then the supernatant was centrifuged at 14
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500 rpm for 3 min. The sediment was isolated and sonicated in
2 ml of water for 10 min using a sonotrode and characterised by
DLS and UV-vis (previously diluted to 0.01 mg ml™").

2.3 Experimental techniques

2.3.1 Fourier transform infrared (FTIR) spectroscopy.
Attenuated total reflection-FTIR (ATR-FTIR) analysis was carried
out on ND powders using a Nicolet iS50 spectrometer (Thermo
Scientific, Nicolet) equipped with a diamond-based ATR acces-
sory. ATR-FTIR spectra for all the samples were recorded at the
resolution of 4 cm™" in the range of 400-4000 cm . Each
spectrum presented here comes as an average of 64 scans.
Advanced ATR correction (baseline correction) was performed
on all measured spectra using the Omnic software.

2.3.2 Raman spectroscopy. Samples for Raman spectros-
copy measurements were prepared by drop casting and drying
the ND colloids on Au-coated silicon substrates. By this
approach, solid ND deposits were formed and then analysed
using a Renishaw InVia system equipped with a 442 nm exci-
tation laser. The laser power did not exceed 1 mW. The acqui-
sition time ranges from 100 to 500 s depending on the signal
level. All the spectra were baseline-corrected.

2.3.3 Dynamic light scattering (DLS). DLS measurements
of colloidal solutions were performed on a Malvern instrument
Zetasizer Nano ZS equipped with a helium-neon laser (633 nm);
the scattering angle was 173°. The refractive index of bulk dia-
mond (2.4), and viscosity of pure water (1.0020 mPa s) were used
to convert the measured intensity/size distributions to the
volume/size distribution. Each sample was analyzed by con-
ducting 6 subsequent runs and a typical DLS curve in between
the extremes was chosen as the characteristic one for the
particular sample.

2.3.4 UV-vis spectroscopy. Absorbance spectra of the
nanodiamond aqueous colloids were measured using a Jasco V
730 spectrometer in the range of 190-800 nm in a quartz cuvette
(Hellma 105-10-40) with a 1 cm light path. The accuracy of
wavelength measurement of the model is £0.2 nm (at 656.1
nm). First, ND solutions of concentrations 1, 0.1, 0.01, and
0.001 mg ml~* were characterized resulting in a linear depen-
dence of absorbance on concentration in this range. A
concentration of 0.01 mg ml~" was further chosen as the
working one since it provided the optimal absorbance value.

The equation (ahv)* = A(hv — Ey), formulated by Tauc®* and
elaborated by Davis and Mott,> introduces the coordinates
(ahv)> — hv for the determination of the bandgap (E,) of the
amorphous semiconductors (in NDs the crystallinity of the
diamond-like core is typically combined with a non-diamond
phase which makes the Tauc theory applicable to NDs). The
steep linear part of the plot intercepts with the background
line of the plot at the point at which (and below) the absorp-
tion coefficient is equal to zero, thus, at the value of
a bandgap. The uncertainty of bandgap estimation is equal to
the sum of uncertainties of the wavelength measurement and
linear fit.

Absorption coefficient « is calculated from the Lambert-Beer
Law, according to which both absorption and scattering might
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contribute to the absorbance. The scattering plays a significant
role only in DNDs due to the presence of 70-700 nm agglom-
erate fraction (Fig. S2t) and will be taken into account while
determining the E, of DNDs. Knowing the I, and I - the inten-
sities of incoming and outcoming light in the cuvette; d -
cuvette side length or the light path length in ecm (in our case it
was 1 cm); A — absorbance (a.u.),

IO = Ciad (1)
log(lp) = 4 (2)

By combining eqn (1) and (2) the absorption coefficient can be
calculated as follows: o = 2.3034/d.

2.3.5 X-ray photoemission spectroscopy (XPS). XPS
measurements were conducted in ultra-high vacuum (UHV) at
a base pressure in the range of 10'° mbar on films of ND
solutions spin-coated on gold substrates and dried at room
temperature. We used monochromatized Al Ko excitation
(SPECS Focus 500, Ecxcitation = 1486.71 eV) for XPS. The photo-
electrons were collected in normal emission by a SPECS
PHOIBOS 150 hemispherical electron analyzer equipped with
a 3D delay line detector (SPECS DLD4040-150).

2.3.6 Ultraviolet photoemission spectroscopy (UPS). The
UPS measurements were conducted on drop-cast samples on
the gold substrates in UHV at a base pressure in the range of
10~"° mbar. P-polarized He Io. excitation (excitation energy
21.22 eV) was used. The photoelectrons were collected using
a SPECS PHOIBOS 150 hemispherical electron analyser equip-
ped with a 3D delay line detector (SPECS DLD4040-150).

The work function was determined by (i) fitting a linear
function to the slope of the low-energy secondary electron cut-
off (SECO) and measuring the intercept with the constant
background and (ii) subtracting this cut-off energy from the
excitation energy. A bias of =—9 eV was applied to the sample
for measuring the SECO and then subtracted from the kinetic
energy results. The bias voltage is needed to measure photo-
electrons with low kinetic energy since the setup allows the
detection of electrons with kinetic energy higher than 5 eV. At
very low kinetic energies, the collection and focusing of the
photoelectrons on the entrance slit of the hemispherical elec-
tron energy analyzer by the electromagnetic lens do not work
properly. For a constant electric field to accelerate the photo-
electrons and increase their kinetic energy, we need to use
a constant voltage source with a bias voltage (the amount of the
bias voltage in V corresponds to the change of the kinetic energy
in eV). The latter should be high enough to allow measuring
samples with a very low work function.

The onset of the valence band was determined by fitting
a linear function to the slope of the UPS signal (in the lower
energy range of the binding energy coordinates) and measuring
the intercept with the constant background. This intercept
represents the difference |Er — Ey|. With the known absolute
position of the Fermi level (binding energy of 0 eV) and the work
function, the position of the valence band relative to the
vacuum level was recalculated.>

© 2023 The Author(s). Published by the Royal Society of Chemistry
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UPS technique is also successfully used to disclose the DOS
at the valence band. The disadvantage of the technique in
nanodiamond study is the risk of possible surface modification
(graphitisation and/or desorption surface functional groups) at
UV energies. Therefore, a non-contact and non-spectroscopic
method like the Kelvin probe might be advantageous for the
work function determination of nanodiamonds.

2.3.7 Kelvin probe (KP). Contact potential difference (CPD)
was measured by the Kelvin probe method (KP) (KP Technology
0004) and recalculated to the work function (work function)
values using the equation: WFgsampie = (CPDgample — CPDreference)
X 1073 + WFeference

KP measurements were done in a dry nitrogen-filled glove
box using a grounded steel probe tip of 2 mm diameter and
scanning the sample at 250 points. As the reference, a polished
Si sample with thermally evaporated 10 nm of Ti and 150 nm of
Au on the top was used.

2.3.8 Energy-resolved electrochemical impedance spec-
troscopy (ER-EIS). ER-EIS is a novel method of energy level
identification and can be considered an alternative to UPS. This
method is based on the oxidation-reduction reaction occurring
at the interface of an investigated semiconductor film and an
electrolyte.** The ER-EIS technique was successfully applied to
evaluate the electronic structure of nanocrystal thin films as
well.>® ER-EIS measurements were done on nanodiamond films
prepared by spin-coating on an ITO substrate using the
common three-electrode electrochemical cells (volume of 200
pL). The electrolyte solution consisted of 0.1 M tetrabuty-
lammonium hexafluorophosphate (TBAPFg) in acetonitrile. A
potentiostat was used to regulate the potential of the working
electrode with respect to the reference Ag/AgCl electrode, and
a platinum (Pt) wire served as the counter electrode. Assuming
an Ag/AgCl energy vs. vacuum value of —4.66 €V, the potential
applied with respect to the reference Ag/AgCl electrode can be
recalculated to the local vacuum level. The reciprocal value of
the real part of the impedance measured at an appropriate
frequency provides direct information about the electronic DOS
at the energy adjusted by applied voltage. The impedance was
measured using a Solartron analytical model 1260 impedance/
gain-phase analyzer with a frequency set to 0.5 Hz, and the rms
value of the AC voltage of 100 mV. More detailed information on
these measurements is provided in the ESI.{

3 Results and discussion
3.1 Surface chemistry and structure of NDs

Before addressing the optoelectronic properties, it is important
to highlight structural and chemical differences among the ND
samples.

Fig. 1 shows SEM images of HPHT ND-ar (a) and DND-ar (b)
which are representative of the HPHT and DND samples,
respectively, independent of the surface chemistry. HPHT NDs
have a highly irregular shape; still, the distinct faceting of the
nanocrystals is noticeable. DNDs' contours are already blurred
due to their significantly smaller size. Numerous previous TEM
studies showed that the shape of the DND primary particles is
roundish with a certain degree of faceting.*® FTIR and Raman

© 2023 The Author(s). Published by the Royal Society of Chemistry
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spectroscopies are excellent tools to reveal and describe the
important differences in the surface chemistry and structure of
the HPHT ND and DND samples. FTIR spectroscopy is a well-
established and convenient technique to analyse the ND surface
chemistry. Interestingly, recent reports reveal that it can also be
applied to investigate electrical conductivity in hydrogenated
NDs.*®* The FTIR spectra of HPHT ND (Fig. 1c) and DND
(Fig. 1d) samples clearly revealed different surface chemistries
of the as-received materials, HPHT ND-ar and DND-ar (grey
curves), which is obviously due to the different purification
treatments performed by the particular manufacturer. HPHT
ND-ar sample is characterised by oxygen-rich surface functional
groups such as the C=O0 group (1700-1800 cm ') and OH
groups coming from surface C-OH bonds* and/or surface
adsorbed water® (3000-3700 cm™ " OH stretching and ~1630
cm ' OH bending). DND-ar is more polyfunctional, it contains
both oxygen-rich moieties and hydrogen-rich moieties. The
oxygen-rich moieties involve C=0 at 1720 cm™ ", complex OH
stretching at 3000-3700 cm ™' and bending at 1560-1670 cm ™.
The sharp peak at 3700 cm™* which also appears in the DND-H
spectrum (Fig. 1d, blue) has been associated with the free, non-
constrained by hydrogen bonds, OH stretching bonds of the
adsorbed water.** The hydrogen-rich moieties involve CH,
(2800-3000 cm™ ') stretching features. This complex surface
chemistry gives this particular DND-ar sample quite specific
properties.*"** After air oxidation, the surface chemistry of both
HPHT ND-O and DND-O became similar and characterised by
a strong C=O feature at 1800 cm ' (ref. 62) attributed to
carboxylic acid or its anhydride.®® Due to the negative zeta
potential of oxidized NDs (between 30 mV and —40 mV) in
deionised water (pH = 5) and the most pronounced FTIR
feature at 1800 cm™ ", we assume that the carboxylic group is
chemically and electronically dominant on the ND-O surfaces.

In contrast, after hydrogenation, the oxygen-rich functional
groups are greatly suppressed and the surface chemistry of
DND-H and HPHT ND-H is dominated by -CH, bonds. Note
that the greater OH bond contribution in DND-H compared to
HPHT ND-H is possibly caused by stronger hydration of DND-
H.*® It has been shown that DND-Hs bind the surface water very
tightly even up to 250 °C.**¢*

Raman spectroscopy further revealed important structural
differences between the HPHT ND and DND samples (Fig. 1c
and d), namely in the character of the non-diamond phase and
the presence of defects in NDs. As highlighted in the recent
studies,* the DND Raman spectrum is characterised by
a broadening and shift of the diamond Raman peak at 1332
em™ " to lower wavenumbers as well as by the appearance of the
low-frequency shoulder of the diamond peak due to the highly
defective DND structure.*>*® This includes various point
(vacancies, dangling bonds, substitutional nitrogen) and 2D
defects (intercrystallite grain boundaries) which (i) decrease the
effective coherent scattering domain well below the actual ND
size that could be theoretically modelled by phonon confine-
ment models® and (ii) may induce heating from the excitation
laser due to the increase of optical absorption.** In mono-
crystalline HPHT NDs, no significant shifts of diamond Raman
peak have been observed down to 2-3 nm.**!

Nanoscale Adv, 2023, 5, 4402-4414 | 4405
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Fig.1 SEM images of the individual HPHT (a) and DND (b) particles. FTIR spectra of as-received (grey), oxidized (red) and hydrogenated (blue)
HPHT (c) and DND (d). Raman spectra of as-received (grey), oxidized (red) and hydrogenated (blue) HPHT (e) and DND (f).

The part of Raman spectra above 1360 cm ™ is attributed to
the non-diamond carbon and the exact position can be used for
distinguishing between different non-diamond carbon forms.*
HPHT ND-ar has an intense non-diamond C band centred at
1590 cm ™' (indicative of graphitic carbon vibrations®) that
stretches from the amorphous carbon region at ~1520 cm™"
(ref. 66) to fragmented sp” regions at 1640 cm™".*® Such carbon
disorder in HPHT ND-ar governs the electronic behaviour of
HPHT ND-ar as will be shown further on. The highest graphitic
content in HPHT ND-ar clearly correlates with the most intense
dark tint of HPHT ND-ar colloidal solution (Fig. S1t). After
annealing, the intensity of the non-diamond C band is greatly
reduced and only a minor 1590 cm ' component is present in
HPHT ND-O (it remains in NDs even down to 5 nm or below)
which is attributed to the extended structured sp® nano-
crystalline graphite-like regions.®®

After hydrogenation, the peaks of the extended sp® phase are
present in HPHT ND-H, namely the nanocrystalline graphite
peak at 1590 cm ™' and 1540 cm ™" peak which is assigned to the
sp® phase in which the bonds between carbon atoms are
weakened.®® Interestingly, the Raman spectrum of the HPHT
ND-H contains new features not present in any other NDs. The
distinct feature of HPHT ND-H is the presence of ¢rans-poly-
acetylene chains (TPA) which manifest in 1150 and 1450 cm ™"
(merged in the wide G-band) peaks.®® The role of TPA in the
optoelectronic properties will be discussed further on.

DNDs' non-diamond bands are centred in the ~1600-1630
ecm ™' range and correspond to fragmented sp” regions and
isolated sp>bonded carbon atoms at the split interstitials.**

4406 | Nanoscale Adv.,, 2023, 5, 4402-4414

Already purified DNDs are seemingly less sensitive to oxidative
thermal treatments compared to HPHT NDs due to the presence
of non-diamond C not only on the surface but also in the
volume.***” Thus, only a minor surface fraction of it is removed
by annealing. Still, in the oxidized DND the sp> C is possibly
more fragmented (higher wavenumber) than in DND-ar and
DND-H which is manifested by the shift of the non-diamond C
band from 1600 to 1630 cm™" after DND oxidation in air. The
signal at ~1640 cm ™" is sometimes attributed to OH vibrations.
However, multiple studies showed that the contribution of the
surface functional groups in the Raman spectra of DNDs is not
significant.®®*®® We also recently showed that the surface
chemistry of oxidized DND and HPHT ND in a similar size range
(around 5 nm or below) is similar. Yet, their Raman spectra are
very different also in the 1620-1640 cm ™" spectral range.* Thus,
we suppose that the 1620-1640 cm ™' signal mostly comes from
an isolated sp>bonded carbon pair defect which occupies the
position of one carbon atom in the normal diamond lattice as
already suggested by Orwa et al.**

Thus, despite the similar surface chemistry the NDs of
different origins differ in the carbon hybridisation and the
nature of the defects which will be reflected in the optoelec-
tronic properties.

3.2 Nanodiamonds' optical bandgaps

Complementary knowledge of ND structure and structural
differences is essential for the interpretation of ND absorbance
spectra measured by UV-vis spectroscopy. The raw absorption

© 2023 The Author(s). Published by the Royal Society of Chemistry
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spectroscopy data are shown in Fig. S3.f For bandgap deter-
mination, the absorbance was recalculated to the absorption
coefficient and further to the Tauc plots shown in Fig. 2.

The inset image shows the values of the bandgaps of NDs
obtained at the point of intercept of the tangent to the Tauc plot
and the zero-absorbance line.

Among all the ND samples, HPHT ND-O is characterised by
the same optical bandgap value as the bulk diamond electronic
bandgap, namely 5.480 £ 0.004 eV.*”> Bandgap values of other
HPHT ND samples are lower, namely 5.38 = 0.01 eV for HPHT
ND-ar and 5.21 + 0.01 eV for HPHT ND-H. The deviation of
HPHT ND-ar and HPHT ND-O bandgap value from the bulk
diamond bandgap is caused by the non-diamond carbon
content that introduces additional energy states into the elec-
tronic bandgap as was shown by DFT calculations® leading to
a decrease in the optical bandgap in NDs depending on the
density of these intrabandgap states. Also, Nagata et al.*®
observed the decrease of the bandgap in ND-ar using UV-vis
spectrometry and explained it with the presence of the sp>**C
phase based on theoretical calculations.*

All the DND samples have similar optical bandgap values
around ~5.3 eV, independent of the surface chemistry and non-
diamond C content, namely 5.30 £+ 0.01 eV for DND-H; 5.31 +
0.01 eV for DND-ar; and 5.31 + 0.01 eV for DND-O. The formal
deviation of DNDs' E, from bulk diamond E, is caused by
scattering of the 70-700 nm fraction inherently present in
DNDs. This fraction causes turbidity of the DND colloids
(Fig. S2af) and increases absorbance (Fig. S2bf) with an
apparent bandgap of 5.1 eV (Fig. S2ct).

Since all the dominant size fractions of the used NDs
(Fig. S1t) lie above the quantum confinement range which is

201
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Fig. 2 Tauc plots of the investigated ND samples. Absorption coeffi-
cient « was determined from UV-vis absorbance spectra. The inset's
pointed values are NDs' bandgaps estimated from the intersections of
the tangent to the Tauc plot and zero absorption coefficient line.
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assumed to appear below 2 nm in NDs,** we do not suppose any
influence of this effect on the obtained bandgap values.

Thus, for further consideration, we distinguish between the
impact of (i) the diamond core sp®C, and (ii) non-diamond C
content on the electronic properties of nanodiamonds. We
assign to DNDs and HPHTSs under consideration the electronic
bandgap of 5.5 eV as if they were pure sp>C. By doing this we
also subtract the effect of scattering on UV-vis measurement in
the case of DNDs. The sp? and amorphous carbon are taken into
account via the incorporation of the additional states into the
electronic bandgap of NDs as was done in the previous work of
Reich.”

3.3 Nanodiamonds' valence band maxima (VBM) and the
Fermi levels

To construct the NDs' energy diagram, the absolute position of
the valence band maxima was determined by UPS (see Fig. 3).
UPS spectra in the whole available range of the binding energies
(BE) are shown in Fig. 3a. The lower BE energy range of UPS
spectra (Fig. 3b) was used to determine the VBM position rela-
tive to the Fermi level (Eg). Interestingly, the HPHT ND-H has
filled energy states almost to the Fermi level and has the most
pronounced photoemission among the other NDs.

The higher BE (i.e., lower kinetic energies) range was used for
the determination of the secondary electron cut-off (see Fig. 3c).
All ND spectra have a distinct cut-off edge. Then, the Fermi
energy level is calculated as Eg (vs. vacuum) = Eeycitation — Ecutoff
(Table 1). Clear shifts to higher work function values with
surface oxidation happen in both HPHT NDs and DNDs.

Calculated values of the VBM position relative to the vacuum
level are presented in Table 1. In general, VBM position highly
depends on the ND surface chemistry, namely for the hydro-
genated surface it lies in the range —5.0 to —6.3 eV below the
vacuum level, while for the oxygenated surfaces, it lies in the
range — 7.5-7.8 eV below the vacuum (Table 1).

The trend of the VBM downshift (vs. vacuum level) with the
introduction of O-containing surface groups follows the trend
already reported for carbon materials.**”*7* Also, there is
a downshift in VBM in HPHT ND-ar (—7.8 £ 0.1 eV) and DND-O
(—7.6 £ 0.1 eV) compared to HPHT ND-O (—7.5 £ 0.1 eV). In the
former materials, the non-diamond amorphous carbon phase
content is higher than in the latter. Thus, the non-diamond
amorphous carbon phase causes the downshift of VBM.

Interestingly, the HPHT ND-H valence band maximum is
upshifted to —5.0 eV relative to the vacuum level. It lies in the
range of VBMs of materials suitable for hole extraction at the
heterojunction. This makes HPHT ND-H a prospective charge-
transfer material in photovoltaics. Moreover, the ambient
adsorbate O,/H,O with electrochemical level —5.3 eV (at
ambient pH 6) vs. vacuum can p-dope the surface of HPHT ND-
H with VBM at —5.0 eV, making the nanoparticle positively
charged and possibly conductive as it was observed for hydro-
genated microcrystalline diamond”™ and bulk diamond.” In
general, any adsorbate with an electrochemical level below —5.0
eV supposedly p-dopes HPHT ND-H. The phenomenon of
surface conductivity due to reversible electrochemical

Nanoscale Adv., 2023, 5, 4402-4414 | 4407
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Table 1 Calculated Ef and Ey from the UPS spectra relative to the
vacuum level

Material Eg vs. vacuum, eV |Er — Eygm|, €V Eypm VS. vacuum, eV
HPHT ND-H —4.0 + 0.1 1.0 £ 0.1 —5.0 £ 0.1
HPHT ND-ar —4.4 + 0.1 3.4 £ 0.1 —7.84+ 0.1
HPHT ND-O —4.2 + 0.1 3.3 £0.1 —7.5 4+ 0.1
DND-H —3.4 £ 0.1 2.9 + 0.1 —6.3 £ 0.1
DND-ar —3.4 + 0.1 2.8 £ 0.1 —6.2 + 0.1
DND-O —3.94+0.1 3.7+ 0.1 —7.6 £ 0.1

interaction between the semiconductor surface and its adsor-
bate which is enabled by the higher position of the valence band
maximum of the semiconductor relative to the electrochemical
level of the adsorbate is known as the surface transfer
doping”®’” and was described first by Maier.” P-doping due to
high VBM can significantly contribute to the positive zeta
potential of ND-H.**

After compiling the results of UV-vis and UPS measurements,
we constructed the energy level diagrams of HPHT ND and DND
of as-received, hydrogenated, and oxidized surfaces (Scheme 1).
On the vertical energy scale VBM, CBM (calculated as VBM +
bandgap), and Fermi level are presented. The diagram clearly
shows the downshift of VBM and Fermi level (vs. vacuum level)
independently after oxidation and the presence of sp® and
amorphous carbon phases.

The diagram presents a striking difference in HPHT ND-H
compared to other NDs, namely the high VBM of HPHT ND-H,
which, combined with the bandgap value, locates the conduc-
tion band minimum (CBM) to +0.5 eV above vacuum. This
results in the negative electron affinity (or NEA) of HPHT ND-H
with important electrochemical consequences, such as the
possibility of electron ejection into molecules such as water
(CBM of water at ~—0.8 eV below the vacuum level) and
nitrogen (CBM at —0.2 eV below the vacuum level).” The facil-
itation of electron ejection by HPHT ND-H compared to other

4408 | Nanoscale Adv, 2023, 5, 4402-4414
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(a) UPS spectra in the whole energy range; (b) zoomed-in valence band onset region of UPS spectra relative to the Eg; (c) zoomed-in cut-

NDs is also supported by XPS measurements (Fig. S471). Inter-
estingly, DND-Hs with the same surface chemistry as HPHT ND-
H do not have the NEA most probably due to different non-
diamond carbon forms in these materials that lead to different
electronic properties. Other parameters such as size or shape do
not significantly affect the presence or absence of NEA in this
case. The specific crystallographic orientation of the hydroge-
nated diamond surface does influence the actual NEA value, but
not its presence.®**®* Hydrogenated nanocrystalline diamond
thin films with multifaceted and variously shaped nanoscale
grains of different mean sizes, 80 and 250 nm, can be a good
illustration for this since the NEA was present in all these films
and allowed the operation of field-effect transistors.®* Effects
such as a more defective structure and 2 at% of embedded N in
DND-H may influence its conductivity and other electronic
properties, but NEA is solely a property due to C-H bonds on the
diamond surface.®®®* Therefore, we believe that the missing
NEA on DND-H must be related to the non-diamond (namely,
amorphous carbon) character of its surface despite the C-H
bond termination of DND-H.

It should be notified that depending on the characterisation
method and the presence of airborne adsorbates on the ND
surfaces, work function values of the same ND sample might
vary. Fig. 4a compares the work function obtained by the Kelvin
probe (KP) and UPS. For HPHT NDs the work function values
estimated by both techniques are similar. For DNDs, the work
function by UPS appears to be systematically 0.7-0.9 eV lower
compared to the work function obtained by KP. It could be due
to the different responsiveness of DNDs to UV light compared to
HPHTs. Also, the more pronounced curvature of DNDs
compared to HPHT NDs could weaken the binding of m-elec-
trons to the material leading to a decrease in the work function
in UPS.”

The trend of an increasing work function with increasing O
content on the ND surface revealed by KP is consistent with the
studies of the oxygenation impact on the work function in
different materials” and can be explained by the formation of

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Band diagrams of HPHT and DND nanodiamonds of as-received, hydrogenated, and oxidized surfaces.

CO dipoles which form the additional barrier for the electrons
and thereby increasing the work function. The impact of the
ambient adsorbates on NDs' work function Fig. 4b, namely O,/
H,O0, is very pronounced for HPHT ND-H. It confirms the elec-
trochemical reaction between the high VBM of HPHT ND-H and
the electrochemical level of the adsorbate species mentioned
earlier. Such interactions can lead to an electron transfer from
HPHT ND-H to O,/H,0, p-doping of ND and a subsequent
downshift of the Fermi level with respect to the vacuum level
equal to an increase of the work function that is clearly seen in
Fig. 4b. The VBM position downshift relative to the Fermi level
after heating was only about 0.3 eV compared to the VBM of the
HPHT ND-H sample saturated with the ambient adsorbates (see
Fig. S57). The minor change of VBM in different environments
could be explained by band bending due to the interaction of
the HPHT ND-H surface with the adsorbates in the ambient.

3.4 The density of states (DOS) in nanodiamonds

The mapping of electronic states was performed with the ER-
EIS technique, in which ER-EIS spectra directly reflect the

a) 50 | UPS_ambient adsorbates
4'5 [ Kelvin Probe_ambient adsorbates

4.014
3.5
3.0+
2.5 1
2.0
1.5+
1.0 -
0.5 -
0.0

WF (eV)

DOS of ND layers. Fig. 5 shows the DOS spectra of the as-
received, fully hydrogenated (reduced), and fully oxidized ND
layers along with the reference spectra of the bare ITO
substrate.

The reference spectra are needed to distinguish the contri-
bution of the investigated material itself and the substrate into
DOS. In HPHT ND-H there is a pronounced DOS increase from
—5.0 eV and below, indicating the VBM at —5.0 eV (Fig. 5a). This
is in excellent agreement with the UPS results of the VBM value
(—5.0 eV). Besides, there are additional electronic states in the
bandgap of HPHT ND-H that are delocalised up to ~—3 eV.
From —3.0 eV to —2.6 eV there is a gap and above it, there is
a method limitation. DFT calculations show that the sp® phase
on the ND surface introduces electronic states into the bandgap
leading to the narrowing of the bandgap.®® Also, this ER-EIS
result is in good agreement with UPS non-zero photoemission
in the range between the Fermi level and VBM found in HPHT
ND-H. Furthermore, the delocalisation of electronic states in
HPHT ND-H can explain the conductivity of HPHT ND-H that
distinguishes it from the other NDs.*®
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Fig. 4 Comparison of WF work functions determined by (a) KP and UPS; (b) KP with and without ambient adsorbates.
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Fig. 5 Band diagrams of HPHT and DND layers of NDs with as-received, hydrogenated, and oxidized surfaces obtained with the ER-EIS. DOS
profiles are measured in the energy range from —8.0 to —2.5 eV (this is the limitation of the ER-EIS technique). The DOS of the ITO substrate is

a black curve.

In HPHT ND-ar a steep exponential increase of the density of
states in HPHT ND-ar compared to the substrate is observed
between —5.5 eV and —6.8 eV. The exponential increase
continues from —6.8 to —8.0 eV, however, it takes a less steep
slope (Fig. 5b). Based on ER-EIS we can assign VBM either to
—5.5 €V or —6.8 eV. Both values are higher than UPS VBM for
HPHT ND-ar (—7.8 eV). In this regard, they also might originate
from the intrabandgap electronic states caused by non-dia-
mond C while the UPS VBM of HPHT ND-ar lies out of the
energy range of the ER-EIS method.

In the spectrum of HPHT ND-O (Fig. 5¢) no additional elec-
tronic states in the bandgap are present (at least until the
measurement technique limit) which is obviously due to the low

4410 | Nanoscale Adv, 2023, 5, 4402-4414

non-diamond content compared to HPHT ND-ar (in agreement
with Raman spectra in Fig. 1). Moreover, HPHT ND-O even
passivates the electronic states in the substrate (the DOS of
HPHT ND-O on ITO goes below the DOS of bare ITO). The
absence of the delocalised states in HPHT ND-O can explain the
insulating properties of this material.® The exponential
increase of DOS at —7.0 eV of HPHT ND-O indicates the VBM
position which reasonably agrees with the VBM determined via
UPS (—7.5 eV).

Interestingly, ER-EIS spectra in the intrabandgap region of
all the DNDs (Fig. 5d—f) look similar to each other and HPHT
ND-ar. Raman spectra showed that the amorphous and isolated
sp> carbon fragments are a common structural feature in these

© 2023 The Author(s). Published by the Royal Society of Chemistry
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samples. Most probably intrabandgap DOS in DNDs and HPHT
ND-ar is dominated by amorphous carbon contribution while
surface chemistry seems to have only a minor impact on these
electronic states of DNDs in the ER-EIS measurements. As part
of our future work, we are corroborating data differently by
preparing a publication focusing solely on ER-EIS DOS data and
calculated via density functional theory DOS of the ND models
with the predefined surface groups to elucidate more strictly the
effect of surface structure on the DOS of NDs.

3.5 Structure-electronic property relationships in
nanodiamonds

After projecting the surface chemistry and carbon hybridisation
states on the band diagram of the NDs, the regularities in
electronic level shifts for NDs of different origins and surfaces
are revealed (see Scheme 2). In Scheme 2 the following simpli-
fied classification is adopted, namely, sp>-Cbulk-H/-O refer to
the bulk diamond in which C is solely sp® hybridised and
surface dangling bonds are saturated by H or O atoms. The
values of the energy levels for the bulk diamond are taken from
the literature.*>** In the studied NDs there is always some
fraction of non-diamond C due to fabrication (DND) and pro-
cessing (DND and HPHT ND). In HPHT ND-H the non-diamond
C is represented by an ordered sp* C (see Fig. 1e and discus-
sion), with the significant contribution of trans-polyacetylene
chains; thus, {sp>ND + sp>C}-H depicts the structure and surface
chemistry of HPHT ND-H (brackets in the label denote the
hydrogenation/oxidation of both sp®ND and sp>C regions).
DND-H contains a large amount of amorphous carbon (aC) in
its structure whose impact on the optoelectronic properties of
DND-H is significant according to ER-EIS. Thus, {sp’ND + aC}-H
describes the structure and surface chemistry of DND-H. In
oxidized species, the surface of HPHT ND-O differs from
oxidized bulk diamond surface by the presence of the ordered
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Scheme 2 Simplified band energy position dependence on surface
chemistry and C-hybridization of NDs.
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sp> phase. Thus, {sp’ND + sp>C}-O depicts the structure and
surface chemistry of HPHT ND-O. The more defective nature of
DND-O and HPHT ND-ar with pronounced amorphous C
content is denoted as {sp°ND + aC}-O. DND-ar with the mixture
of oxygen and hydrogen groups, and surface and volume defects
are taken out of this classification so as not to complicate the
picture.

One of the trends in the energy levels’ positions (VBM, CBM,
Ey) observed is several-eV (1.3-2.5 eV depending on the origin of
the nanodiamonds) VBM downshift relative to the vacuum level
after conversion from the fully hydrogenated to the fully
oxidized surface (VBM downshifts in pairs HPHT ND-H and
HPHT ND-O; DND-H and DND-O). Moreover, a clear effect of the
carbon hybridization (ND structure) is observed. For the defined
surface chemistry (H/O), the presence of non-diamond carbon
downshifts the band edges compared to purely sp® carbon
hybridization in diamonds (compare energy levels of the bulk
diamond with the ones of the materials with non-diamond C in
Scheme 2). Notably, amorphous non-diamond C compared to
the ordered sp> C downshifts the ND band edges relative to the
vacuum level by 0.1-1.3 eV depending on ND origin and surface
chemistry (compare the VBM of both oxidized HPHT ND-O with
structured sp> and HPHT ND-ar with amorphous non-diamond
C; hydrogenated HPHT ND-H with ¢rans-polyacetylene chains
and DND-H with amorphous non-diamond C).

Thus, the described edge energy level position with the
knowledge of work function variation and DOS can facilitate the
selection of suitable materials for such applications as photo-
voltaics and catalysis. Moreover, our experimental results
provide evidence for the recent theoretical results on structured
sp origin of continuous intrabandgap states®® and quantitative
backup for the experimental studies on charge transfer in
nanodiamond composites®?*' and resolve the discrepancies
between the published results on ND optoelectronic properties
(e.g- ND apparent bandgap differences®**).

4 Conclusions

This work brings a comprehensive and quantitative approach to
the understanding of the electronic properties of HPHT and
detonation nanodiamonds with hydrogenated and oxidized
surfaces. Band edges, the density of states, and work functions
are determined purely experimentally by combining various
spectroscopic methods, Kelvin probe and electrochemical
impedance spectroscopy. The obtained data show that the
positioning of the VBM of HPHT ND-H is high enough (—5.0 eV
relative to the vacuum level), which together with the wide
bandgap of NDs, assures that the CBM is positioned above the
vacuum level (+0.5 eV). This way the NEA of HPHT ND-H is
justified. Interestingly, HPHT ND-H contains the continuum of
the electronic states inside the bandgap that, in addition to
transfer doping, can contribute to electrical conductivity. We
propose that a conjugated sp” phase such as the trans-poly-
acetylene indicated by Raman spectroscopy introduces the
intrabandgap states. DND-H does not possess NEA. We explain
such a difference by the presence of amorphous carbon in DND-
H that downshifts the VBM in DND-H compared to HPHT ND-H

Nanoscale Adv, 2023, 5, 4402-4414 | 4411
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introducing positive electron affinity. The downshift of VBM
relative to the vacuum level after amorphisation of the ND
surface is in the 0.1-1.3 eV range (depending on the ND origin
and surface chemistry) and after the fully hydrogenated surface
oxidation it is in the 1.3-2.5 eV range (depending on the ND
origin). The results can serve as a guide for selecting the suitable
ND material for a particular application among the variety of
NDs that differ in origin, surface chemistry and non-diamond
carbon quality and content. For example, our work suggests that
HPHT ND-H can be used for the photoreduction of N, to
ammonia and the production of solvated electrons in aqueous
solutions. Also, this material combining high VBM with
consequent high CBM vs. vacuum and electrical conductivity
could find its application as a charge transport material in
photovoltaics.
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