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. In this work it is shown that the positive zeta potential in
Introduction diamond cannot be generated without the presence of sp

When a solid surface comes into contact with an aqueod?émding' The unusual positive zeta potential origin is shtawn
solution, a surface charge is created at the solid surface. TR?S related to the protonation of the basal planes of graphite

charge originates from either acid-base reactions betweetﬁrmInatlng the diamond nanoparticle surface. This has

surface functional groups and the aqueous solution, or tH%rofound implications for many applications of nanodiamond,

adsorption of water ions. For this reason the majority of thes%specilally biological ones where reactivé species are highly
interactions result in an overall net negative charge due to th%wdeswable‘%-lo’ll

de-protonation of surface oxides, carboxyl / hydroxyls etc. that
are prevalent at most solid surfaces. Positive charges are l‘Esi
common and usually due to the protonation of amine surface
groups, or in the case of hydrophobic surfaces, the ordering gterial Preparation

perimental section

water ions at the interface. Commercial nanodiamond powders sourced by Microdiamant
The origin of the positive zeta potential (and thus surfacgwitzerland (MSY 0-0.05, monocrystalline diamond powder
charge) on diamond nanoparticles has been controversigkoduced by high pressure-high temperature) were used in this
resulting in multiple models to explain its oridiA34However, study. Six differentpd.  E+[ §E 3Su vie A E }u %o
diamond remains a model system where the surface groups cgg untreated diamond powder.
easily be controlled and are stable across a wide pH range. An air treatment was performed by heating the diamond
E vi ]l u}v [« «pCE( PE}U% e *SE}VP @hrticle®in ¥ furnh¥e &nélet Sir atmosphere at 480°C for 5 hours.
production methods and non-diamond areas fspare For the molecular hydrogen gas treatment, the diamond
commonly present in the surface, particularly in detonatiOﬁanopartides were annealed in hydrogen gas (hydrogen gas
diamond (DND}? but also in bigger size particles. For mosyas flowed at 100 sccm) at 500°C and at 10 mbar for 5 Hours.
applications} a homogenized diamond surface is desirable anthr the vacuum annealing treatment, the diamond particles
many studies have been performed to control thé/sp? ratio, were heated in vacuum (183 mbar) at 1000°C for 2 hours. The
attempting to remove all the Spcarbon for subsequent same vacuum annealing treatment was performed to another
diamov [+ - pCE( (pv 8]tv o]l 8]}vX set of nanodiamond powder, but after the 2 hours of vacuum
On the other hand, the presence of?sgarbon can lead to annealing treatment, the particles were taken outside the
§Z Julv ecp&E( [+ & }ve-sTarbdh}imXhed gacutibe chamber and were placed inside again to perfarm
form of graphitic-like carbon or amorphous carbon is highlyolecular hydrogen treatment under the same conditions as
reactive and can promote the diamond nanopauice [ < & éxplained before. The same treatment was carried out (vacuum
functionalization? annealing followed by hydrogen annealing) but both the
vacuum annealing an hydrogen annealing were performed
- ——— inside the vacuum chambgin sity, cooling down the samples
a.School of Physics and Astronomy, Cardiff University, UK i
b-Department of Physics, National Dong Hwa University|ietu@7401, Taiwan. from 1000°C to 500°C after the vacuum annealing. In the last
C‘EPlSRClCentre for Doctoral Training in Diamond Scieddeahnology, Warwic  treatment, the diamond particles were first annealed in air
Lérg;'rigg’nté:ﬁg author. (480°C, for 5 hours) and then the vacuum annealing followed by

Electronic Supplementary Information (ESI) available: [BLS,and FTIR data]. ¢ hydrogen treatment was conducted.
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Different aqueous colloids were prepared from the aboveat 550°C to remove loosely bounded hydrocarbons and the
mentioned treated powders by dispersing 0.1 g of powder igspectra were collected using a Bomem MB154 FTIR with MCT-
200 ml of deionized water. The colloids were dispersed via hiliguid nitrogen cooled detector. The resolution was set to be 4
power ultrasound (Sonics Vibra-cell VCX 500) at 200W (3 s am®, and 400 scans were used. To avoid IR background signal
s off duty cycle) for five hours and the colloids temperatuesw from the elevated temperatures, annealed samples were
kept below 20°C. All the solutions were decanted after beaooled down to room temperature for the measurement.
settled for 24 hours, to remove any large sonotrode Particle surface morphology and structure were examined
contaminants. The solutions were centrifuged at 20000 g by High Resolution Transmission Electron Microscopy (HRTEM).

10°C in a Sigma 3-30 KS centrifuge. High resolution TEM images were performed in a FEITitdre
microscope was operated at low acceleration voltage (80 kV) to
Material characterization minimize beam damage and prevent undesired diamond

Dynamic light scattering (DLS) and Nanoparticle trackiﬁ’g Y}%° ES] 0 o[ *pE( P& %" Z]s]l s]tv _} & -
analysis (NTA) measurements were performed to confirm e IS Well known, the electron beam can induce the formation
% EE] 0 of o]i 1+8E] nslIvx D oA & g[a%hlmj-flkazoutgr §_l}ell3,,a,nd can also promote volatllt_a
equipped with a 633nm laser in backscattering configuraticfA"PON Species present in the sample to be re-absorbed into
(173°) and a Malvern Nanosight LM10 equipped with a 635 rijiler areas of the sampl&:1® _ _ _
laser were used respectively. Zeta potential measurements ahg ™ SPecimens were prepared by dispersing the powders in
pH titration measurements were made in the Malvern Zetasiz&f'2n0l via ultra-sonication and the solutions were drop cast
Nano ZS, using the MPT-2 autotitration accessory. 0.1 M HR8[0 @ perforated-carbon TEM grid.

and 0.1 M of NaOH were used as acid and base titrants. Particle

size dl_strlbutlons are the average of }00*30 s scans and Z‘E@%sults and Discussion

potential of 3*100 scans. The colloids were de-gassed by

nitrogen flow. Three different samples were imaged in HRTEM to study the

Reverse titrations were performed by making aqueougarticle surface morphology. The first one consists of the
colloids of mass / volume concentration 1% and diluting b 1: untreated diamond powder, shown in Fig. 1a-b. Most of the
seven times until a constant pH was reached. The pH wagreated particles imaged presented a crystalline diamond
measured by a Mettler Toledo. The colloids were de-gasseddsyfe, however some of them showed an amorphous outer shell
nitrogen flow as was the de-ionised water used for dilution ~surrounding the diamond core.

Raman measurements were recorded in an inVia Renishaw To confirm the influence of the 8pin the diamond
confocal Raman microscope equipped with a 532 nm laser. XIV}% E3] 0 [ %}*]13]A 18 %}35 v3] o v
the measurements were acquired using the same parametefydrogenation, we intentionally created %pbonding. We
10 seconds acquisition time and 50 accumulations. promoted surface graphitization by annealing the diamond

d} «3u C 3Z puCE( PE}u% e+ % E « D@0partigleyin yaguuyn af 1000*An Fig. 1c-d, particles after
surfaces FTIR measurements were performed. For the Fth&vacuum annealing show a well-defined diamond core and
measurements all the treated powders were prepared a@n outer shell in which graphitization (marked by arrows) can
previously described and were transferred to a UHV charkberbe clearly observed, with spacing between the graphitic layers
FTIR measurements were conducted in-situ and chamber b&d&.34-0.35 nm.
pressure was maintained aroundBX’ Torr. The samples were
annealed using electrically controlled heating device under UHV
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Figure 1. Structural characterization of 50 nm diamond manticles. Unfiltered High Resolution Transmission Electrimndgicope images, Overview bright field image of t
as received 50 nm patrticleb, Detailed HRTEM image of the as received 50 nm pattIBlRTEM image of the diamond nanoparticles after the wiacannealing treatmen
The arrows indicate the graphite planes formddHRTEM image of the hydrogenated particles.

The surface graphitization can be further studied by Ramagnaphite under high temperature vacuum annealing
measurements. The Raman spectra of the variously treatpdbcesses? Three different peaks arise. The first and broad
nanodiamond are represented in Fig. 2a. All spectra showpaak appears between 1100 cnand 1150 cm, and has been
clear first-order diamond peak at 1332 épbroader and less related to spB structures known as trans-polyacetylene
intense for the powders that have been vacuum annealed. Fsiructures, related to hydrogen presené¥&! Although
samples not previously vacuum annealed, Fig. 2a (i)-tiipad molecular hydrogen was not introduced in the chamber while
band at 1550 cm confirms the presence of 3gites. This band, annealing the sample in Fig. 2a(iv), hydrogen was presehein t
known as G-band, is due to the bond stretching éfapms in vacuum annealed sample as molecular hydrogen can be
both rings and cham!”18 Different Raman characteristic peaksiesorbed from the vacuum chamber waltsThe second pealk,
are present in the samples that have been previously vacuuaround 1350 cm, corresponds to the well-known D-band, and
annealed, shown in Fig. 2a (iv)-(vi). The diamond peaklis #ildue to breathing motion of $pgings!® The third emergent
present although it is less intense and broader compared to jigeak is located at 1582 chand is characteristic of graphitic-
G-band than in the previous treated samples. This is becadie materials, clearly indicating that graphitic structures have
nanodiamond can undergo a phase transition from diamond teeen formed after the annealing at 1000%C.

This journal is © The Royal Society of Chemistry 2017 Nanoscale, 2017 00, 1-3| 3
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Figure 2Raman and FTIR spectra of surface treated and untreaaddiamond particlesa, Raman spectra @) untreated 50 nm nanodiamond particl@g Air anneale
at 480C(iii) Molecular hydrogen treated at 500fiv) Vacuum annealed at 10000@ Sample (iv) treated with molecular hydrogen at 800A) Sample (iv) treateth sitL
with molecular hydrogen at 500°8,.FTIR spectra; (i)-(vi) samples are treated in same tiondis Raman, (vii) Sample (ii) annealed in vacuum@Q@°IDand then treate

in situwith molecular hydrogen at 500°€.Detailed feature of the C-H for the spectrum drawn on b.
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Apart from the graphitic structures formed on thepeak is associated withtOH bending vibration due to the

v v} ] u}lv [¢ cpCE( U SZ % E Vv 1(  blesecevas waiey odtkslde environment or due to the carboxyl
groups can influence the zeta potential, as well as the acidicgmoup (-COOH) on ND surface. The correspondiqiH
basic character of nanodiamond aqueous solutions. Fourigiretching mode is a wide band observed between 3206 cm
Transform Infrared Spectroscopy (FTIR) measurements wei#600 cnt.

performed (see Fig. S2 in Supporting Information for details) to There is a remarkable feature difference between the
determine these surface complexes, and the spectra of tlsamples in which a vacuum annealing treatment and hydrogen
variously treated nanodiamonds are shown in Fig. 2b-c. dhnealing treatment were performed (samples v to vii) and the
should be noted that these measurements were performed samples withoutivacuum annealed treatment (samples i to iii).
high vacuum in order to remove any influence of organithis is observable in the band range 1606'¢en1800 cnt. The
contaminants. broad peak centred at 1778 chtorresponds to C=0 stretching
As can be observed, there is a significant difference betweenodes, and demonstrates the presence of carboxyl groups. This
the nanodiamonds annealed in vacuum at 1000°C, Fig. 2b (pgak intensity is dramatically reduced in the samples after the
(vii), and those that were not annealed, Fig. 2b (i)-(iii). Foh@ vacuum annealing/hydrogenation proce¥s?

samples, the first band region with noticeable peaks is between Another meaningful change is observed on the band ranging
1000 cm! and 1300 crmd. This broad band is generallyfrom ~ 2800 cm-3000 cnmt shown in detail in Fig. 2c. The
associated with C-O-C stretching vibrations of cyclic étlaerxd hydrogenation of diamond nanoparticles surfaces is confirmed
exits frequently on diamond surface but not in large quantitwith the presence of the C-H stretching modes. Two clear peaks
The C-GEpeak can be changed through oxygenation processas2860 cnt and at 2934 cr are observed in the samples that
(air annealing treatments) at different temperatures resulting ihave been previously vacuum annealed, Fig. 2a (iv)-(vi). In
C=0 products on diamond surface with desorption of eithep C@etonation diamond, these peaks appear at 2870'@and 2940

or CO?> Moreover, two distinguishable broad peaks arem.28 The peak at 2860 cincorresponds to C(110):H mixed
observed in the region between 1250 érand 1500 cm. The with C(111):H, and the peak at 2934-&rfor C(100):H2 Beside
peak at 1265 crhis attributed to CO bending vibration, and thethese peaks, a clear sharp peak of C(111): H, plane adjacent with
peak between 1380 crhand 1440 cm corresponds to tB  C(110): H, is also present at 2835%camd it is relevant for large
asymmetrictCH bending vibration. These two peaks are due tize ND. The mechanism responsible for nanodiamond
the presence of the ester group (CH3-COOR). The CO interigryrogenation is the catalytic reaction between carbon radicals
is significantly reduced in the samples annealed in vacuum aawd hydrogen molecule®. G and G carbon radicals are
thus followed by hydrogen treatment represented in Fig. 2b (vawvailable after desorption of intentionally created2sparbon

(vii). dZ]e % I[* ]JvS ve]SC &E p 3]}vCO]thiough vacdurmh annealing at 1000°C.

desorption / substitution by H during ND annealing at elevated

temperature2é A small intensity peak appears at 1620%rhhis

This journal is © The Royal Society of Chemistry 2017 Nanoscale, 2017 00, 1-3| 5



Figure 3. Zeta potential and Back titration measuremeffithe colloids prepared from the annealed powdeasZeta potential measurements over pH ranging from
11.b, Back titration measurements of the 50 nm nanodiamond ipbas.c, Back titration measurements of detonation nanodiamona(® particle size).

This result indicates the effect of Sgarbon on hydrogen different functional groups on the diu}v v v} ] u}v [e
dissociation aCH peaks are not formed on the sample showsurface?29 Negative zeta potential values are well understood.
in Fig. 2 c (iii). It is noted that for the sample in Fig. 2 ¢ (Mr example, in untreated powders, most of the diamond
annealed at 1000°C in vacuum without the external source sfirface is covered by oxygen containing groups, such as
hydrogen in chamber, -CH is formed through the interaction orboxyl, carbonyl, alcohol and ethers, generated during
hydrogen desorbed from chamber wall at elevated temperatuneanodiamond production and acid purification. The negative
(>500°C). zeta potential can be explained due to the dissociation of these
To investigate the origin of the positive/negative zetaarboxyl (COOH) and carbonyl (C=0) groups in the diamond
potential, we prepared colloids out of the treated diamond%. ES] o0 *[B e uE ( X
powders as detailed in the Experimental section. In this work, negative zeta potential values were also
Fig. 3a shows the zeta potential versus pH for the differenteasured in the colloids prepared from powders previously
colloids. The solid-liquid interface behaviour is strongbhnnealed in air, in molecular hydrogen, and after a vacuum
dependant on the surface treatment, due to the presence @annealing at 1000°C. The colloid obtained from air treated

6 | Nanoscale, 2017 00, 1-3 This journal is © The Royal Society of Chemistiy720



powder shows the most negative zeta potential, with valudsave been suggested as the origin of a}v]|[e ]
ranging from -35mV at pH 3 to -55mV at pH 11, being stableproperties313536 The strength” or weaknes®:38 of pyrone-type
the whole range of pH (colloids stability is defined as absolus&ructures as basic sites is controversial, but a relativelly hi
zeta potential values greater than 30mV). amount of these structures are necessary to explain carbon
Air annealing treatments have been thoroughly used ndtasicity, which are not seen in FTIR. The positive zeta potential
only to remove the non-] u}v }vs vs8 Jv §Z %an@l5q be asgociated with the protonation of amino groups in
surface, but also to oxidize] u}v % &S] o <18 Thi€E @cidie>Xenvironments? But amino groups are also not present
treatment allows the creation of the aforementioned oxygeron these nanodiamondsPetit et af? attribute positive zeta
containing groups. The dissociation of these COOH and Guafentials in graphitised detonation nanodiamond (5nm
PE}u%oes % @E » v3 }v §Z v v} ] u}lv [« «pu@&fticle size) ta@moldeul®é bélsorption on basal planes, but this
zeta potential values, which become less negative at low pH dweuld not explain the basicity which is simultaneously
to a higher hydrogen ion concentration at acidic pH values. observed. In the case of this work, all titrations were performed
A similar trend is observed for the hydrogen annealingith deoxygenated water.
treatment (with no previous vacuum annealing). As confirmed One of the most generally accepted explanation regarding
in the FTIR spectra, oxygen groups (C=0 mainly) are still pregleatcarbon basicity comes from the electron-donor-acceptor
after the hydrogen treatments, resulting in negative zeta- e }u% o0 E£X /v §Z]+ }uficlore@dos {ocatedsS E }v
potential values. Nevertheless, it has to be taken into accouim the basal planes, can interact with oxonium@) ions4041
that previous works on detonation nanodiamond (5nm particln other words, oxygen-free carbon sites can absoy®*'hbns
size) show a positive zeta potential after the same molecular} %o E}A] ] ulv [+ cuCE( A13Z %}]S]1A
hydrogen treatment, but was proved to be ineffective for larggoroperties.
particles!? This is due to the large quantity of non-diamond Another possibility is related to oxygen-free Lewis base sites
content (sp3) present on the detonation nanodiamond surfacen the basal planes within the graphene lay&&oth models
which cannot be completely removed, and was explained are represented in Fig. S4 (see Supporting Information). After
terms of the basicity of carbon surfac¥s. annealing the powders in vacuum at high temperature
Back titrations of the various surface treatments are showf1000°C), graphite is created forming an outer-shell of the
in Fig. 3b. It is clear that the air annealed sample shows td@mond core particles, and leaving oxygen-free Lewis base
strongest acidity vs concentration, which is easily explained bites. As the surface graphite is highly reactive, it can reabsorb
its low concentration of spand high concentration of COOHoxygen on exposure to air, and hence exhibit a negative zeta
groups. These COOH groups become de-protonated making pm¢ential. However, if samples after the vacuum annealing are
solution more acidic with increasing concentration of particlegrminated with hydrogen, active sites are no longer present for
as well as generating a negative zeta potential as seen in Fig.tBa.oxygen absorptiod? This leaves particles with little or no
The concentration of these COOH groups is somewhat deplete®OH on the surface with graphitic planes exposed to the
by vacuum annealing or annealing in molecular hydrogen agueous solution. These planes can become protonated+by H
evidenced by their reduced acidity vs particle concentration aritbm the solution, which would simultaneously generate a
reduced zeta potential magnitude vs pH. However, upqgpositive zeta potential whilst rendering the solution ba&ithis
vacuum annealing followed by hydrogen annealing the samplesuld only work with samples with little oxygen and somé sp
exhibit clear basicity, increasing with concentration. Thisn the surface, as evidenced by the vacuum annealed /
basicity is even more pronounced with the detonatiomydrogenated samples.
nanodiamond (5 nm) particles. This is further evidenced by the enhanced basicity seen on
The origin of the basicity of nanodiamond surfaces and tldetonation nanodiamond particles which have a much higher
associated positive zeta potential has been controversialoncentration of sp at the surface, as seen in Fig. 3c. Far
Several models have been proposed to explain it but generaliyronger basicity is seen, which correlates with the higher
assume a pristine (8gree) diamond surfacé32 This is directly concentration of basal planes for protons to diffuse into. Enes
contradicted by Streaming potential measurements performedetonation nanodiamond patrticles also exhibit a strong positive
by Hartl et al that demonstrate the zeta potential of both zeta potential as previously reportéd.
hydrogen and oxygen terminated bulk diamond is negative over
the whole pH rangé3 These previous nanodiamond works do
not show near-infrared Raman analysis to confirm the phase .
purity of the surface, and use hydrogen plasmas to terminafeONclusions
the surface which can easily graphitise nanodiamond particlgsummary, the positive zeta potential and associated basicity
due to poor thermal contact with substrate. is only exhibited on nanodiamond with non-zero concentragion
In this work it has been shown that the positive zetgf si? honding, specifically graphene like shells. These shells can
potential and basicity is only exhibited with finittpecome protonated, generating a net positive charge and zeta
concentrations of spat the surfaceBoehm et atorrelate the potential. At the same time the extraction of protons from the
basicity in carbon black and carbon-based materials with thgater results in pronounced basicity. This is significant asyma
absence of oxygen containing groups, driven off by hydrégenapplications in areas such as biology cannot toleraté sp
Oxygen-containing surface groups structures, such as pyrongsnding at the surface and thus mechanism for generation of

This journal is © The Royal Society of Chemistry 2017 Nanoscale, 2017 00, 1-3| 7



the positive zeta potential such as surface derivatisation 1§
required.
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