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Electrochemical Modification of Boron-Doped Chemical Vapor Deposited
Diamond Surfaces with Covalently Bonded Monolayers
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Electrochemical reduction of phenyl diazonium salts in acetonitrile at boron-doped diamond electrodes yielded covalent bonding
of aromatic groups to the $parbon surface. Diamond surfaces modified with nitrophenyl, trifluoromethylphenyl, and nitroa-
zobenzene showed strong X-ray photoelectron spectroscopy (XPS) signals for surface nitrogen or fluorine, which were stable to
exposure to air or solvents. Raman spectra of chemisorbed nitroazobenzene on boron-doped diamond were obtained, and were sim-
ilar to those observed for derivatized glassy carbon. Estimated surface coverages of 50-70% of a compact monolayer were calcu-
lated from XPS spectra, indicating that the coverage is too high to be attributed solely to modificattoradf@p impurities or

boron dopant. The high coverages of covalently bonded molecules on diamond achievable by diazonium reduction imply that a vari-
ety of surface functionalities may be introduced on the normally unreactive diamond surface.

© 1999 The Electrochemical Society. S1099-0062(98)12-080-1. All rights reserved.

Manuscript submitted December 23, 1998; revised manuscript received March 12, 1999. Available electronically April 6, 1999.

The combination of boron doping and chemical vapor depositiori‘derivatized” to indicate a surface which has undergone electrochem-
(CVD)! has permitted the examination of conducting diamond filmsical reduction in diazonium solution. To produce a “physisorbed” sur-
for electrochemical applicatiodstOWith sufficiently high boron dop-  face, the diamond samples were immersed in the same solution used
ing levels (>189 cnr3), the resistivity of CVD diamond decreases to for electrochemical modification for 10 min with the electrode at open
<0.1Q cm, and the material may be used for electrochemical appli<ircuit, then rinsed and sonicated in £N for 10 min. The samples
cations requiring low background current, wide potential window, andwere then rinsed again with acetonitrile and dried with argon for fur-
excellent stability. Doped diamond exhibits facile electron transfer tother measurements.

outer sphere redox systems such as Fe{@M)and Ru(NH)g+3/+2 X-ray photoelectron spectra were acquired with a VG Scientific
but slow electron transfer to systems which involve chemisorptionESCALAB MKIl spectrometer coupled with a Mg X-ray source
such as @reduction and halide oxidatic?10 aligned 45° to the sample while the detector was oriented along the

Several attempts have been made to chemically modify diamondurface normal. All atomic ratios were calculated from the ratio of the
electrode surfaces, in order to introduce specific sites into an otherwisgreas under the respective peaks, followed by correction with their
unreactive surface. One route is based on surface chlorination witbensitivity factors. The theoretical coverage for a close packed mono-
photochemically generated chlorine atoms, followed by subsequerityer was estimated from the area of an edge-bonded phenyl ring,
reaction with HO, NH;, CHF;, pyridine, etct2-18 The modified sur-  including the van der Waals radii of carbon and hydré§etivided
faces were characterized by X-ray photoelectron spectroscopy (XPShto 1 cn?. This estimate assumes perfect packing on a flat surface,
diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS)and equals 670 pmol/@nCorrelation of the observed N/C atomic
and temperature programmed desorption, and showed quite low suratios from XPS with the surface coverage of modifier is complicated
face coverage (~1%) of modifier. Fluorinated diamond surfaces are stdy uncertainties of sampling depth, carbon atom density on diamond
ble even at relatively high temperatdfe! but the C-F bond is not and graphite surfaces, and the effect of the phenyl group carbons. For
amenable to further modification with more reactive species. a given XPS sampling depth, the number of carbon atoms sampled is

We report here a successful modification of boron-doped diamondhigher for diamond than for graphite. A conservative estimate of cov-
by electrochemical generation of aryl radicals via a route previouslerage is provided by the product of the observed N/C ratio and the car-
applied to sp carbon based materials and sili@r#8 The general  bon surface density for graphite (%3L0® mol/cn¥). This estimate
approach of this method is electrochemical reduction of a diazoniunpredicts that 670 pmol/chof nitrophenyl groups yields an observed
ion to form an aryl radical and a nitrogen molecule, followed by cova-N/C ratio of 9.2%, and the same coverage of nitroazobenzene yields
lent bonding of the radical to the electrode surface. On glassy carbd7.5% N/C. For the trifluoromethylphenyl monolayer, 670 pmo¥/cm
and graphite, the diazonium reduction has been shown to yield a staerresponds to a F/C ratio of 27.5%.
ble, compact monolayer with high stability, and the electrochemical Raman spectra were taken with a 514.5 nm laser, a /1.5 spectro-
behavior of the surface was varied significantly by the identity of thegraph (Kaiser, model HoloSpec /1.8i) with a holographic grating in
derivatizing agent3.27-29\We demonstrate here the diazonium modifi- 180° backscattered geome®3.4-(4-nitrophenylazo)aniline, 4-
cation on a boron-doped diamond surface followed by characterizationitrobenzenediazonium tetrafluoroborate, and tetrabutylammonium
with XPS and Raman spectroscopy. To our knowledge, this is the firgetrafluoroborate were obtained from Aldrich Chemical Co. The syn-
electrochemical derivatization of diamond surfaces and the first Ramathesis of 4-nitroazobenzené-diazonium tetrafluoroborate (NABDS)
spectroscopic measurement of a monolayer on diamond surfaces. is described elsewhe?é25

The b doped CVDE)éPerimegt‘?'l . Results and Discussion
7€ boron-copead. glamond Tims were grown on p-ype o ¢ ratio for unmodified diamond surfaces was 5.3 + 0.9%
Sl(lOO)dsubstraJesr%wrl]t h reglstll\/lty = _O._O%?mh usdlng a pdref\_/llously (after sensitivity correction), somewhat lower than the 8-15% typical-
reported procedureThe typical resistivity of the diamond film was ly observed for polished glassy carbéfbut higher than the 2-4%

0.068Q cm measured with a four-point probe. Following sonication . : -
in acetone, isopropyl alcohol, and acetonitrile in order for 10 minobserved for other diamond sampie$PS is less sensitive to boron

each, diamond samples were placed in a solution of 1 mM diazoniun(|at 190 eV) than to carbon by a factor of about six, but in no case was
salt in acetonitrile containing 0.1 M tetrabutylammonium tetrafluo- a boron XPS signal observed. For all diamond samples examined, the

roborate. A potential of 0.4 V negative of the reduction peak potentia PS signal near 190 eV showed_only noise. Figure 1 shqws X.PS Spec-
: : X : . ra before and after electrochemical reduction of three diazonium ions
of the diazonium ions was applied for 10 min. We use the term

and subsequent rinsing as described in the experimental section.
Initial nitrogen coverage was negligible, while the nitrophenyl deriva-

* Electrochemical Society Active Member. tized surface exhibited an 8.6 + 0.4% N/C ratio (Table ). The N
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Table I. XPS results for modified boron-doped diamond surfaces.

Samplé N/C FIC o/C Estimated
coverage,
(pmol cm?)
Clean diamond 0 0 5.3+0.9b
Nitrophenyl
derivatized 8.6 + 0.4¢ 0 201%12 47¢
derivatized, then 8.6 0 20.7 470
extensive sonication
physisorbed 0 0 8.4 0
Nitroazobenzene
derivatized 14.9 0 17.0 363
physisorbed 1.36 0 9.52 20
Trifluoromethylphenyl
derivatized 0.9 5.6 5.9 136
nondegassed
derivatized 0.8 14.3 5.1 347
degassed
physisorbed 0 0 5.9 0

a “Derivatized” indicates potential was applied in diazonium solution. “Physisorbed”
means the sample was immersed in diazonium solution at open circuit.

b Mean + standard deviation for three to five determinations.

€ 6.5% for 406 peak, 2.1% for 400 peak, coverage calculated from 406 eV peak.

d Coverage calculated from sum of 406 eV and 400 e\piaks divided by 3.

€ Coverage calculated from sum of 406 eV and 400 g\6eaks divided by 5.

f Calculated from F/C ratio divided by 3.

the obsergd N/C ratioA physisorbed sudce,prepared by gosing
the diamond to the destization solution without anpalied poten-
tial, shoved ne@ligible surfice nitrogengven when the niophetyl
diazonium concerdition was increased by 100 times.

XPS results for electrochemical reduction ofgazobenzene dia-
zonium salt (MBDS) and tifluoromettylpheryl diazonium (TFMB)
are also shan in Fig. 1,and listed inTable I. NABDS shaved some
physisorptionand was not completglremaoved by acetonitrile soni-
cation. TheN region of diamond dévatized with nitoazobenzene
shaved both the N@nitrogen (406 eV) and aznitrogen (400 eV)
with a total N/C atio of 14.9% compad to 1.4% for pysisorbed
NABDS. For calculation of the suate coerages listed iTable I,the
chemisorbed N/Catio was dvided by three (one ndrand tvo azo
nitrogens),and the pisisorbed N/C ¥ five (one nito and four azo
nitrogens).The denatization by trifluorometyipheryl radical was
found to be sensité to oxygen,with higher ceerage obserd for

Figure 1. Survey XPS spectra of boron doped CVD diamond before and afte/J0N saturated demtization solutionThe high resolution £ spec-

electrochemical reduction in acetonitrile containing 0.1 M TBABRd 1
mM diazonium ion. Insets show high resolution XPS scan QfaNd G

trum of TFMB dervatized diamond shes a Chk carbon feature at
293 eV (Fig. 1d).

regions. Spectrum a, boron-doped diamond surface; b, after 10 min electro- Previous reports from our laboratory\edemonstrated the ability
chemical reduction in nitrophenyl diazonium solution at -0.6 V vs. A§/Ag  to obtain Raman spectra of a chemisorbed monolayer such as nitro-
¢, fresh diamond electrode after 10 min in nitroazobenzene diazonium 5°|Upheryl on glassy carbo®325 The nitropheyl features were not

tion at -0.5 V vs. Ag/Ag; d, fresh diamond electrode after 10 min at -0.6 V

vs. Ag/Agt in trifluoromethyl phenyl diazonium solution.

region is magniid in the inset of ig. 1,with the 406 eV peaktiaib-
utable to NQ@ nitrogen.The ~400 eV N peak implies somesduced
nitrogen (possibly from N@group reduction) and has been oleér
for nitropheryl derivatized glassy carbo#?23.28Extensie sonication
in acetonitrile (40 min) did noeduce the N/Catio for the desiatized
nitropheryl/diamond surface. In additionthe dervatized nitro-
pheryl/diamond surdce appeared to be Iska in air with no obser-
able change in the XPS N/@tio after 80 dgs of air eposure.The
N/C ratio estimated for a monolayer of nitropylegroups is 9.2%
(see Expemental section)so the obseed ratio of 6.5%dr the 406
eV nitro peak of the dimtized suréce corresponds t@proximate-
ly 70% of a tose packd monolayerSurfaice roughness will inease
the caverage on a rough diamond sacé but will have little effect on

obsered by Raman on nitrophgfdiamond suréces because of a rel-
atively large background. NitroazobenzeneA®) has a signitantly
larger cross section than nitroplyggrand Raman spectra of th\R
on the dexiatized suridce were obtained. Figure 2a wisathe initial
diamond spectrunplus that after physisorption of nitroazobenzene
diazonium salt (spectrum 2taind after electrochemical reduction (2c).
The dernvatized diamond has higher AB intensity than the
physisorbed suaice,by a factor of ~3.2after adjusting each spectrum
for laser paver and intgration time. Subtraction of the substrate spec-
trum and close inspectiorveals some qualitat differences between
the chemisorbed and ysisorbed spectr&he 1108 and 1141 cnrl
bands are resadd in the bemisorbed casand the 1401 and 1451
cnrl bands she different lineshpes upon diaanium denvatization.
The NAB bands are similar to those obs=t on glassy carbd.

With the exception of the nitroazobenzene cake, possibility that
the obsered XPS signal on dematized diamond results from
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Conclusion

Reduction of aromatic diazonium salts leads tovalently bond-
ed monolayer on boron-doped CVD diamoitmh$. The surbce layer
was obsersd by XPS for nitropheihand trifluoromethylpheyl mod-
ified surfices,and by XPS and Raman spectrogcégr the nitroa-
zobenzene demtive. The cwerage of chemisorbed speciessw
approximately 50-70% of a monolayand was stable to sobnt son-
ication and prolongedxposure to airThe cwerages obtained with
electrochemical deratization are too high to be@ained by bonding
to s carbon or boronand are much higher than thevemges
obsered folloving diamond deviatization by reacte plasmas,or
photochemistry’-21 The possibility of introducing reag sites into
the diamond susaice by electrochemical reduction is currently under
investigation.The results reported here may\de a means to selec-
tively enhance the reaeiiy of a normally unreacte diamond elec-
trode suréce.
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Figure 2. Raman spectra of (a) boron doped diamond before treatment, (bJhe Ohio State Univsity assisted in meeting the fioation costs of this dicle.

after NABDS physisorption, and (c) after NAB derivatization. Power at sam-
ple was 5 mW, and 60 15 s integrations were averaged. Observed intensities

were divided by laser power and integration time.

physisorption is clearly ruled outhe chemisorption resulting from
electrochemical diazonium reduction is stable to esglwvhile the
physisorbed species are notr Fhe TFMB and nitropheyl surfaces,
the control gperiment of gposure without reduction yields no observ-
able suréce coerage of fluorine or nitrogen. Nitroazobenzene diazo-
nium ion does physisorb strongly enough to diamond to resisvaemo
by acetonitrileput the physisorbed concentration is siigaifitly lover
than that resulting from chemisorption. Based on the resulbia I,

all three aryl radicals chemisorb to boron doped diamondvalsie
equal to a signifant fraction of a monolayeBased on the serage
calculated geometrically from the molecular dimensithescwerages
for chemisorbed nitrophgh TFMB, and nitroazobenzene are approx-
imately 70,52, and 54% of a compact mongég, respectiely.

Since CVD diamond contains a small amount étspbonthe pos-
sibility that the aryl radicals bind tesidual sp carbon should be cen
sidered. Cuaalent bonding beteen the three radicalsvigstigated and
sp? carbon are well establishé#?2? and it is possible that the
chemisorption obseed for diamond is inafct occurring at such %p
impurities. Havever, Raman gaminations of boron doped CVD dia-
mond indicate that the 3pmpurity level is law, equaling less than 1%.
Furthermorethe electrochemical bebiar of boron doped diamond is
qualitatively different from that of spcarbon sudcespy a \ariety of
measures. EBn if such spimpurities were saturated with chemisorbed
speciesit is hard to evision an obseed cwerage of 50-70%. It does
appear that the gerage on diamond is\ueger than that on GQyy 30-
50%,but is much greater than predicted for chemisorptionZcasjbon
impurities. It is remotely possible that?sgarbon impurities ggegate
on the diamond swate,thus leading to higher werage from bonding
to s carbon thanx@ected from theudk sp? carbon content. Heever,
there is noddence for such geegation of sg carbonA quite differ-
ent possibility verth considering is binding of theydradical to boron
sites rather than 3garbon. Such sitesauld be too lw in concenta-
tion (<1%) to accountof the obsemd caerage (50-70%) unless the
boron had somemosaregated onto the suafe. If that were the case,
the boron XPS signalauld be visible in Fig. 1 (spectra b-@he bind-
ing mechanism is currently undervastigation, but presumably
involves tydrogen abstraction from andsurface site follaved by rad-
ical-radical coupling with a secondybradical,as has been gposed
for aryl radical binding to silicd¥ and lydrogenerated glassy carb®n.
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