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Studies of Hydrogen-Terminated Boron-Doped Diamond Electrodes with Different Doping
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The pattern of conductivity and electrochemical activity at the surfaces of hydrogen-terminated boron-doped
diamond electrodes, with different boron doping levels, were measured using conductive probe atomic force
microscopy (CP-AFM) and scanning electrochemical microscopy (SECM). CP-AFM showed that the surface
was predominantly insulating, with discrete conducting areas of less tham i2 diameter, randomly and
nonuniformly distributed on the surface. SECM imaging correlated these conductive areas with electrochemical
activity and showed that the electrode surface was only partly electrochemically active and that the active
area of the electrodes increased with boron doping level. Cyclic voltammograms and SECM approach curves
obtained using Ru(NgJs>/2* as the redox mediator were characteristic of those obtained at partially blocked
electrodes of nonuniform activity, or a microelectrode array. By use of this model, the SECM approach
curves could be fit to obtain values of the fraction of the surface that was electrochemically active. The
active area of the electrode was related to the boron doping level.

1. Introduction teristics that are not fully understood from a fundamental point
of view. The principle among these is the mechanism of electron

Foron-(jjoped'(tz!lam(():r\l;jD(EiD[?]) t.h'n f|Irr?s grown US”;g chergl- exchange between the diamond surface and solution redox
g? g%%ogngpcohsé:ggtgr. e 3 aesc ar:llq;:itrc?gg 'Q};ece;ggar: ©Nspecies. Simple reversible and quasireversible redox couples,
udi 'z fe ! such as Fe(CNJ ", Ru(NH)G*"/2", IrCle 13-, Fe(HO)2",

. i . 0 ; .
grown using a feed-gas mixture of 8:3.0% CHin H, which and benzoquinone/hydroquinone exhibit electrochemical re-

can be activated using e|ther a hot-ﬂlgment or & MICTOWave ,,+tion and oxidation at BDD electrodes around the equilibrium
plasma source, and deposited on a suitable substrate, such as

conducting silicon, at a substrate temperature of7U0 °C 4 potential of the redox couple, but with varying values of
The boron dopant, is added to the source gas mixture dﬂen inheterogeneous rate constant. The behavior of highly doped films

; . . is usually described as “metallic”, suggesting that direct electron
the form of diborane (fHg), at concentrations ranging from transfer can occur between the valence or conduction band of
1,000 to 10,000 ppm. This results in the formation of a thin the electrode and the redox species. However, as the valence
film of polycrystalline diamond with a thickness of-1.0 um b ) '

and a boron carrier concentration ofx110?° cm2 or greater. ?Oagg c;ftEOSrSOCr)]-g]c\)F(\a/g %%ﬁgyvf’lm:hgesdfxgiggs geege?vvstérgﬁted
Film resistivities lower than 0.0£2 cm are typical for such ’ : 9ap

films. These films exhibit metallic conductivity and have many thbat and d tfhetﬁonguc’\tllons +l/)2a+nd anld faﬁ'le e][ectro? tr?nstf_elr S
useful properties as an electrode material. BDD has a very low OPservedior the U(Ngs couple, whose formal potentia

capacitive background current, making it useful in analytical oceurs at-218 mV vs SCE (i.e., in the band gap), Itis clear_
applications where small concentrations of analyte can be thatdwectelectron exchange does not occur predomlnantly_wa
detectect It also has a wide potential window in aqueous either the conduction or the valence band. The electrochemical

solvent of up to 3 V, which allows electroactive species to be response has been explained in terms of electronic states present

detected that may be masked by the solvent decomposition andn the band gap at this potential, which mediate charge transfer.
surface reactions on other electrode materials. Other desirable The electronic properties of the BDD electrode are dependent
properties, such as the intrinsic inert nature of diamond, as well ©n @ complex range of factors: (a) dopant concentration and
as its hardness and robustness, lead to applications wherdhe resulting density of states (DOS); (b) structural defects in
electrode stability is important, such as in wastewater treat- the diamond film; (c) nondiamond carbon impurity content (e.g.,
ment8?° sp? inclusions); (d) crystallographic orientation; (e) surface
Although the above properties make BDD electrodes attrac- termination (H, O); (f) fraction of grain boundaries. The biggest

tive for a range of applicationS, they still possess some Charac_inﬂuence on the electrochemical prOpertIeS of the diamond films
is probably the concentration of boron dopant. During the growth
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doping level (167 cm~3), the boron impurities form an acceptor  Relatively slow kinetics have been reported even for true outer-
band~0.35 eV above the valence band. However, as the dopantsphere redox couples, such as Rughf/2" and IrCk2/3,

level is increased to the 38-10?%-cm2 level, more commonly ~ whose rate constants should be largely independent of the nature
encountered for these films, there is mutual interaction betweenof the electrode surface. The electrochemical behavior of boron-
the boron centers and the impurity band broadens and shiftsdoped diamond has recently been discus$&d an attempt to
toward the valence band. Hence at low boron levels, conduction standardize the behavior of high-quality polycrystalline elec-
likely occurs by electron/hole hopping, whereas at higher trodes. For the outer-sphere reversible reduction of Ry[NH
concentrations, conduction may occur directly through the AE, values of between 70 and 100 mV are typically recorded
impurity band. It is found thaAE, for several redox couples  for highly doped “semimetallic” films. This is in contrast to
decreases with increasing boron doping IEv&land that higher the value of 59 mV expected for a reversible electron transfer,
peak currents are observed as boron levels are increased. Thighich is observed for this redox couple on platinum electrodes.
is attributed to an increased density of electronic states formedAs this electron transfer is relatively insensitive to surface
within the band gap, as the boron level increases. However, structure!® the most important factor affecting the rate of
this observation is counterintuitive in some ways, as carrier reaction is then suggested to be the electronic properties of the
mobilities tend todecreasewith increasing boron content, as electrode, and this in turn is dependent on the dopant concentra-
more scattering occurs due to the presence of more borontion. How the dopant concentration affects the rate and
impurity centers. mechanism of charge transfer is one of the questions this paper

Several authors have investigated the mechanism of chargeSeeks to address.
transfer at BDD electrodes, using a variety of electrochemical The apparent heterogeneous rate constant for simple outer-
methods to extract the apparent heterogeneous rate constant fagphere electron-transfer reaction at BDD electrodes has been
different redox couples!11318 However, the information  discussed in several papets'317 and two general models for
obtained has been to some extent ambiguous and inconclusivecharge transfer have emerged. The first model is similar to that
in part due to two factors: (1) an inconsistency in the literature discussed above, where electron transfer is said to be mediated
as to the heterogeneous electron-transfer kinetics on BDD for via impurity states present within the band damd so the rate
couples showing reversible and quasireversible behavior, suchof the charge transfer is dominated by the available density of
as Fe(CN¥~4~, Ru(NHg)s3t2*, IrClg2 /3, Fe(HO)e3 ™2+, and states. Such states arise due to the overlapping of wave functions
benzoquinone/hydroquinone, and in particular what constitutes of neighboring boron atoms and hence result in the formation
a pure “outer-sphere” electron transfer at BDD. Although some of impurity bands. The rate of heterogeneous electron transfer
couples, such as Ru(NJ#+/2+ and IrCE2 3, in general, exhibit ~ will depend on the availability of states of the correct energy
apparent heterogeneous rate constaqgg, within an order of relative to the potential of the redox couple. The impurity bands
magnitude of those observed at activated glassy carbon, in somere believed to have a large contribution from the presence of
cases, such as for benzoquinone/hydroquinone afidfFea", lattice hydrogen. In fact, van de Lagemaat et’auggest that
the apparent rate constants obtained were found to be severainterfacial states (at or near the surface) distributed in energy
orders of magnitude lower than those for other electrode throughout the band gap mediate electron transfer between the
materials. The reason for the sluggish kinetics for benzoquinone/valence band and the redox system at boron-doped single-crystal
hydroquinone is unknown but may be due to either the electronic diamond electrodes. The surface states are speculated to be
properties of the electrode or complications in the reaction defects or impurity sites located very close to the surface,
mechanism. The slow kinetics for the?£4e** couple has been ~ perhaps caused by hydrogen, boron, oxygen, or carbon inclu-
suggested as due to a lack of surface carbonyl functionalitiessions, and are proposed to mediate exchange of the electrons
to catalyze the electron-transfer reacti8iSome redox couples,  between the valence band of the diamond and the redox system.
such as Fe(CNJ /4, which are traditionally treated as outer Such an exchange takes place by multiple electron hopping.
sphere behave anomalously at carbon-based electrodes and mayeterogeneous kinetics are highly dependent on the rate of
change to an inner-sphere electron-transfer mechanism attunneling of electrons/holes to the redox species in solution;
diamond electrodes, where some degree of interaction occursthus if deep boron dopant sites are involved in electron transfer,
between the redox species and the electrode sukfitethese  then the kinetics may be slow and limited by the rate at which
cases, factors such as the termination of the surface and presend&e carrier can migrate to the surface. The electron-transfer rate
of oxygen functionalities can influence the kinetics of the will also be sensitive to the state of the surface interface. It is
reaction. Several studies have investigated the kinetics of suggested that the heterogeneous rate constant is decreased at
electron transfer at BDD electrodes using this couple and haveBDD electrodes in comparison to noble metals, due to a lower
treated the data assuming pure outer-sphere behavior, whictdensity of electronic states of an appropriate energy, coupled
may not in reality be the case. (2) A second factor that leads to With slow charge transfer limited by the rate of migration of
confusion is the inconsistency in the quality of the BDD carriers to the surface. The available DOS and carrier migration
electrodes used to obtain the measurements. In particular, inwill be dependent on dopant concentration. Thus, as the boron
many cases, the values of the apparent heterogeneous rat€ontentis increased, a greater density of states may be available
constant have been extracted from cyclic voltammetry experi- for electron transfer. However, an increase in boron impurity
ments without any consideration of the resistance of the centers may lead to more scattering and hence a lower mobility
electrodes. As the quality and the doping level of the BDD of carriers.
electrodes vary, so too does the intrinsic conductivity of the  The second model argues that polycrystalline boron-doped
diamond film. The deposition method, substrate material, and diamond surfaces exhibit heterogeneity in electron-transfer rates
electrode-mounting technique are all variables, which if not over the surface, due to nonuniform distribution of dopant
carefully controlled, can lead to changes in resistivity between throughout the diamond film. The surface may therefore consist
different samples. Resistance within the thin film electrodes will of sites of fast (reversible) kinetics where the dopant level is
result in greater values okEp, which, if not accounted for, high and sites of very slow kinetics (irreversible) where there
can be misinterpreted as a slower heterogeneous rate constants less dopant. It is known that boron incorporates into the
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diamond structure in different concentrations depending on the were approximately % 10 B/cm? and 100 cr/V+s (0.1 ppm),
crystal face of the diamond. The boron concentratiofilihl} 2 x 107 B/cm® and 100 crdV+s (0.5 ppm), 8x 107 B/cm?
growth sectors is five or more times greater than that found in and 80 crV-:s (1 ppm), 3x 10 B/cm® and 30 crd/V-s
{100+ sectorg! Dopant may also accumulate at the sites of (5 ppm), and 2x 10?° B/cm® and 10 crdV-s (10 ppm), as
grain boundaries, crystal edges, and other defects, but theseletermined from one set of Hall measurements (NREL). In the
atoms are not expected to be electronically active. On the “as-grown” condition, all of the films are hydrogen terminated.
polycrystalline surface, different crystal faces are exposed, Atthe end of the deposition period, the ¢&hd BHg gas flows
resulting in a heterogeneous electron-transfer rate that is anwere stopped, and the films remained exposed to gpldéma
average value for the whole electrode area. Becker et al. studiedat 1000 W and 45 Torr for an additional 10 min. The plasma
diamond films with doping levels between 200 and 6000 ppm power and pressure were then slowly reduced over a 5-min
using cyclic voltammetry and electrochemical impedance spec- period to cool the samples to a temperature below 4D0in
troscopy*34 They observed strong deviations from reversible the presence of atomic hydrogen. The plasma power was then
charge transfer for “outer-sphere” reactions (Fe(&Nj~ and turned off, and the films were cooled to room temperature under
Ru(NHs)¢*™2*). Limiting current densities that were lower than  a flow of H,. The postgrowth annealing in atomic hydrogen
predicted and the existence of an additional capacitive elementserved to gasify any adventitious nondiamond sprbon

in the impedance spectra at higher frequencies led to theimpurity, to minimize dangling bonds, and to fully hydrogenate
suggestion of a geometric surface-blocking model, where only the surface. Electrical contact was made to a copper plate,
limited areas of the diamond film are believed to be electrically through the bottom of the silicon substrate, by scratching the
conducting. Hence this model suggests that the rate of electronsubstrate to remove the oxide layer, cleaning with ethanol, and
transfer is not limited by the migration of carriers to the electrode applying a layer of conducting silver paint. The BDD electrode
surface but more by the availability of active surface sites for and the copper plate were clamped in firm contact at the bottom
electron transfer. These may be sites where boron dopant hasf a cell by means of a rubber O ring.

accumulated_ and where conductive pathways are available A great deal of attention was paid to preparing the electrode
through the film. surfaces for measurement. In the past, our normal protocol for
Both of these models suggest that the rate of heterogeneousgyreparing a new diamond electrode for use was to expose the
electron transfer will depend on boron concentration within the fjim to a two-part acid-washing procedure prior to rehydroge-
film. However, as discussed above, the mechanism for electronnating the surfac& The first step involved immersing the films
transfer might be different at different doping levels. For iy hot aqua regia for 30 min to remove metallic impurities. The
example, an electron-hopping mechanism may dominate at lowfjims were then rinsed with ultrapure water. The second step
boron levels, whereas conduction via the impurity band or jnyolved exposing the samples for 30 min to a warm solution
surface states may be the main mechanism at higher dopingof 309 H,0, to remove nondiamond carbon impurity from the
levels. This study uses the surface probe techniques of scanningyrface. The films were then rinsed with ultrapure water and
electrochemical microscopy (SECM) and conductive probe rehydrogenated to remove the surface oxides formed during the
atomic force microscopy (CP-AFM) to image the surfaces of acid washing. We have since gone away from this treatment as
BDD, doped with gas-phase;Bs concentrations of 610 ppm, e have found that (i) the slow cool-down procedure in atomic
to map the conductive and electrochemically active areas of phygrogen is sufficient to remove adventitious levels of nondia-

the sur.face. These gas-phase goncentration_s produce diamonghond carbon impurity from the surface (i.e., grain boundaries)
films with room-temperature carrier concentrations ranging from anq (i) Ru(NH;)s+3+2 electron transfer is not mediated by

10%"to 10P° B/cm® and carrier mobilities ranging from 2t0 100 ,ondiamond carbon impurity at the surface and is largely
cn?/V-s. All electrochemical experiments were carried out using ,naffected by the surface chemistdThe films used in the

the outer-sphere redox system RUW.BM’ whose hetero-  yresent work were not subjected to the two-step acid washing.
geneous rate constant should be largely independent of the nature Il Conductive AEM Measurements. CP-AEM measure-

20 i . :
of the electrode surfadé:2°Results are presented which show ments were carried out in air with a Digital Instruments

Conductiiy/eleciiochemical activy, whose density corelatos NENOSCOPe IV AFM eqipped with a al TUNA and CP-AF
y Y, y imaging module. A Pt-coated silicon tip (MikroMasch NSC14/

with boron doping level. This suggests that the second model . : )
. . Pt/15 rectangular cantilever with a radius of curvature less than
outlined above more accurately describes the nature of electron3 : . :
: - X 5 nm, tip height 1520 um, and full tip cone angle less than
transfer at the BDD interface at low doping levels, as will be . .
. 20°) was used in the contact mode. The diamond samples were
discussed further below. : .
placed on a slide of conducting ITO and contact made between
the slide and the sample through the bottom of the conducting
silicon by means of colloidal silver paint. The samples were
I. Growth and Preparation of Thin-Film BDD Electrodes. biased at-200 mV relative to the tip. Conducting images could
Diamond films of 4um thickness were grown by chemical vapor be recorded simultaneously with the topographical images.
deposition onto conductive p-type silicon wafers using MWCVD  lll. Cyclic Voltammetry and SECM Measurements. All
and CH/H,/B,He source gas mixtures, as described previofisly. cyclic voltammetry experiments were carried out using a three-
The concentration of diboranepiBs, in the gas feed mixture  electrode cell, the working electrode being the BDD, held in
was varied to create films of different doping levels. The gas- the bottom of a Teflon cell by means of a rubber O ring (exposed
phase concentrations were 0 ppm (sample #883), 0.5 ppmgeometric area, 0.283 &nand contact made to the back of the
(sample #900), 1 ppm (sample #908), 5 ppm (sample #922), conducting silicon substrate by copper plate, as described above.
and 10 ppm (sample #935). The boron doping level of these The counterelectrode was a Pt wire, and Ag/AgCl was used as
films ranged from 3x 109 to 6 x 10?° cm™3, as determined  the reference electrode. For SECM experiments, a 25q0n 2
from boron nuclear reaction analysis (lon Beam Analysis diameter Pt wire, sealed in glass and polished to form a tip of
Laboratory, Case Western Reserve University). The room RG 1022 was used as the working/probe electrode, while the
temperature carrier concentrations and mobilities of these films BDD electrode formed the substrate. A CHI 900 potentiostat

2. Experimental Section
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Figure 1. (a) Topographical AFM image of BDD sample doped with 0.5 ppshld (b) Conductive AFM image recorded simultaneously with
topographical image (a) of sample doped with 0.5 ppHdwith a bias of—200 mV applied between sample and tip. (c) Topographical AFM
image of BDD sample doped with 10 ppmHs. (d) Conductive AFM image recorded simultaneously with topographical image (c) of sample
doped with 10 ppm BHe, with a bias of—200 mV applied between sample and tip.

and SECM (CH Instruments, Austin, TX) was used to position biased to—200 mV relative to the tip. The conductivity images
the tip and to perform electrochemistry. Approach curves were show that both samples are insulating over much of the sampled
carried out at Jum s* and images in the—y plane carried area, with most of the surface recording zero current. The areas
out at different scan rates, described below. In most experiments,of conductivity are of the order of 0:82 um in diameter and

1.3 mM or 5 mM hexaammineruthenium (lll) chloride (Strem are randomly and nonuniformly distributed over the surface.
Chemicals, Newburyport, MA) in 0.1 M KCI (Aldrich) was used  Some of the conductive areas appear to be clustered together at
as the redox and mediator species and deionized water (Milli- the same location, whereas others appear to be completely
Q, Millipore Corp.) was used for all solutions. Solutions were isolated. There is some correlation between the topography and

degassed with argon prior to all experiments. the conductivity, with many areas of high conductivity being
) ) associated with grain boundaries between diamond crystallites.
3. Results and Discussion The size and pattern of distribution of the conductive areas is

I. CP-AFM. CP-AFM uses a conductive tip in the contact the same for both samples, but the density of high conductivity
mode to measure the conductivity of the diamond surface Sites is higher for the 10 ppm:B sample compared to the 0.5
simultaneously with the surface topography. Figure 1 shows PPM BHs sample.
topographical images with the corresponding conductivity = The pattern of conductivity observed suggests that the
images for the sample prepared with 0.5 ppaHB(parts a diamond consists of an insulating matrix with sites of high
and b of Figure 1) and the sample prepared with 10 pphtB conductivity, which may be associated with the presence of
(parts ¢ and d of Figure 1). In both cases, the diamond was boron dopant in those areas. As electrical contact was made
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a) 1.0E-04 TABLE 1: Table Showing Values of Reduction Peak Height
i (i;¥) and Peak Separations AE,) for the Reduction of 1.3
mM and 5.0 mM Ru(NH3)s*" in 0.1 M KCI, at Scan Rate
6.0E-05 - 100 mV s'%, at BDD Electrodes (area 0.283 c) at Different
Boron-Doping Levels
source gas Bg concentration
< 2.0E-05 - level/ppm Ru(NHs)e3t/mM ipeYmA AE/mV
- 0.5 1.3 0.0744 197
.0 1.3 0.0861 182
-2.0E-05 + 5.0 13 0.0877 117
10.0 1.3 0.0934 112
0.5 5.0 0.212 385
-6.0E-05 . T . . 1.0 5.0 0.255 367
0.1 0 -01 -02 -03 -04 5.0 5.0 0.305 225
10.0 5.0 0.323 220

E/Vvs. Ag/AgCl
increasing boron doping level. There is also a decrease in the
separation AE;) between the reduction peaky*® and the
oxidation peak E,") with increasing boron doping level. Figure
2b shows CVs for the reduction of 5 mM Ru(Nsf* in 0.1 M
KCI, on the same BDD samples, also at a scan rate of 100 mV
s 1. These CVs exhibit the same relationship between peak
height and boron doping level, but in all cases, the peak
separations are greater than observed for the same sample in
the less concentrated 1.3 mM solution. Table 1 summarizes the
values ofiy®® and AE, for each sample at 100 mV-5in 1.3
mM and 5 mM Ru(NH)g**. The lowest value foAE, (112
-2.5E-04 T . . mV) is obtained for the 10 ppm sample in 1.3 mM Ru@i",
0.2 0 -0.2 -04 -06 but this value is much larger than the values of 70 mV that can
E/Vvs. Ag/AgCl be ol:l)sgrés/d for this _regox tco_tlrs)lti at morngighly c:ope(:
Figure 2. (a) CVs for the reduction of 1.3 mM Ru(Nj#** in 0.1 M SAMPIES. - V'S Were Carnec oLl With tne same samples &
Kgl, at scgn) rate 100 mV st, at BDD electrodes((;NDria 0.283 Ym different S,C"Jm rates (£500 mV s) in 1.3 and 5 mM Ru-
doped to: (I) 0.5 ppm, (ii) 1.0 ppm, (iii) 5.0 ppm, and (iV) 10.0 ppm. (NH:_:,)GSjL in 0.1 M KC|, where for each sample the peak

b) 3.5E-04

1.5E-04

iTA

-5.0E-05

(b) CVs for the reduction of 5.0 mM Ru(N§#3* in 0.1 M KCI, at separations increased with scan rate. Also, in each case the
scan rate 100 mV s', at BDD electrodes (area 0.283 §ndoped to: experimental data exhibited a nonlinear relationship between
() 0.5 ppm, (i) 1.0 ppm, (iii) 5.0 ppm, and (iv) 10.0 ppm. ipedandv!2, wherev is the scan rate, indicating that the outer-

sphere reduction of Ru(N§3+ exhibits non-Nernstian behavior

from the bottom of the silicon substrate, this indicates that at these BDD electrodes. No corrections for double-layer
conduction is only possible along certain pathways through the (Frumkin) effects were applied to these data.
diamond film from the substrate to the surface. Thus, areas of An increase in peak separation with increased scan rate can
conductivity may correspond to sites where surface boron dopanthe indicative of two factors: (1) a slow heterogeneous rate
sites can establish electrical contact to the silicon substrateconstant k) for electron transfer or (2) a large uncompensated
through the film. The distribution of dopant on the surface could resistanceR,) present within the electrode film. Both factors
be greater than that detected by CP-AFM, but many boron siteshave the same effect on the shape of the voltammogram and
may be electrically inactive due to a lack of conductive pathways cause the waves to become drawn-out and shifted to higher
within the film or passivation with H and adventitious N. The  overpotentials (increased peak separation) and to become
dopant is also likely to be nonuniformly distributed within the  flattened (smaller peak currents). It is often very difficult to
diamond. Boron doping is said to be heavies{a1} crystal separate the two factors in the quantitative analysis of CVs. In
faceg' and may tend to concentrate at grain boundaries andthis case, it is likely that both factors could influence the shape
defects. There is evidence of this in the images in Figure 1, of the voltammograms. Highly doped BDD electrodes typically
where some correlation is observed between surface topographyexhibit some quasireversibility with respect to the Ru@hf2*
and conductivity. High conductivity is observed in the inter- couple, with values of the heterogeneous rate const&nfor
crystallite regions, suggesting that boron is present at a highthis redox couple being reported in the range 8:01 cm s1
concentration at these sites or that conduction through the film (for 1 M KCI).118 The electron transfer is likely to be slower
is facilitated by the presence of grain boundaries, perhaps byon the films used in these experiments, as they have a lower
the presence of $pnclusions or other defects. The density of doping level. However, the increase in thé&, value as the
conducting areas increases as the doping level increasesconcentration of redox species is increased from 1.3 to 5 mM
confirming that these areas are associated with boron sites. indicates a larg®, is also present within the film. Where&%

These CP-AFM experiments lend support to the second modelshould be unaffected by solution concentration, the influence

of conduction in BDD suggested in the Introduction. of R, increases with current, so as the concentration of the
Il. Cyclic Voltammetry of the Outer-Sphere Ru(NH g)¢3"/2* electroactive species is increased so too is the effe&, @n

Couple on BDD Electrodes.Figure 2a shows CVs for the the CV.

reduction of 1.3 mM Ru(Nke*" in 0.1 M KCI, on BDD The CP-AFM data suggests that the electrode surface consists

samples prepared with 0.5, 1, 5, and 10 ppsH&n the source of electrochemically active areas within an insulating, less-active
gas mixture. A scan rate of 100 mVlswas used to record the  matrix. This can be treated analytically as an ensemble of
scans. At this scan rate, the peak currents for reductjff) ( microelectrode€s™ 24 or as an electrode covered by a blocking

and for oxidation i,°%) exhibit an increase in value with layer, which has pinholes through which the solution redox
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a) Insulating Keit = ko(l - 0) 1

Ll v
'

where@ is the coverage of blocked (inactive) area. However,
the exact form of the CVs obtained depends on many factors
such as redox species, concentration, active site size, and spacing

Electrochemically and requires simulation on a case-by-case basis.
active areas The rate constants for quasireversible reactions are typically
b) extracted from CVs using the Nicholson metii8dowever,
\‘ ili / \ ill / \ lii / this method does not aIIc_>w fpr the deconvolution of the (_affect
of slow heterogeneous kinetics and uncompensated resistance.
- - - For this reason, in this case, experimental CVs were fitted using
the DigiSim 3.03program (Bioanalytical Systems Ltd.), where

experimental data can be simulated as a function of heteroge-
neous rate constank?, and uncompensated resistan&y,
DigiSimsimulations assume semi-infinite linear diffusion, such
as what would be observed for long time regimes, as illustrated
in Figure 3c. By fitting the experimental CVs in this way, we
assumed that the experiments were carried out at a slow enough
time scale that diffusion to each active spot is linear and semi-
- - - infinite and that the diffusion area will be equal to the geometric
area of the electrode. This is a reasonable assumption for the
CVs carried out at the relatively slow scan rates of-500
. mV s™L. Thus CVs for these BDD electrodes can be simulated
reduction product . . . . .
\ using this model, and deviations between the simulation and
o P experimental voltammograms will give information on the

d) Concentration profile of

P nature of the diffusion field and the electrochemically active
- area of the electrode. As the electrochemically active areas
- - - | become more sparsely distributed, this model can no longer be
Figure 3. Schematic diagrams to illustrate the diffusion field at an assumed and the experimental CVs may represent the interme-
electrode with active (conducting) and inactive (insulating) areas on diate or fast time scales and so can no longer be fitted using
its surface at (a) short, (b) intermediate, and (c) long time scales, these simulations.

compared to the time-scale of the experiment. (d) Schematic of Figure 4a shows the experimental data (black) and the

concentration profile of reduction product, which builds up during the . .
forward scan of CV (light gray areas). Striped areas represent regionss'rnm""ted data (gray) for the reduction of 1.3 mM Ru@y

above nonactive electrode areas, to where product can diffuse andat the 10 ppm BHg BDD electrode, at scan rates of 10, 20, 50,
escape reoxidation during reverse scan. and 100 mV s, The data have been fit assuming a semi-infinite
linear diffusion to an electrode of area 0.2832cfgeometric
species can reach the electrode surfac®.The electrochemical  area) and the diffusion coefficier, for Ru(NHs)s*" and Ru-
response of such an electrode depends on the area of th€NH3)e?™ was taken as Xk 1075 cn? s7! (the actual value is
diffusion field around the electrochemically active areas, which probably closer to 0.5% 1075 cn? s71, but the assumed value
is a function of the size and spacing of the active areas as wellis sufficient for the analysis presented). The simulation gives a
as the time scale of the experiment, as illustrated in Figure 3. value for uncompensated resistané®, of 150 Q and for
Figure 3a shows that at short electrolysis times the diffusion heterogeneous rate constaidt,of 0.012 cm s. This value of
layer thicknessy, is small in comparison to the size of the active k° is consistent with values obtained for highly doped BDD
areas and so the area of the diffusion field is the sum of the samples in the literatufeThat these same parameters fit the
geometric areas of the active spots. At intermediate experimentalexperimental data obtained for the 10 ppm sample with 5 mM
time scales (Figure 3b), a radial diffusion component is added, Ru(NHz)s®" lends some confidence to these values. As can be
as the diffusion fields begin to extend outside the geometric seen in parts a and b of Figure 4, the simulated data fits the
boundaries of the active areas. At longer times (Figure 3c), whenexperimental data very well on the forward scan but on the
0 is thicker than the separation between the active spots, thereverse scan, although the position of the peak is correct, the
diffusion fields for each spot merge and linear diffusion is values of simulated current are consistenttyl®% higher than
observed, with the diffusion area being equal to the geometric those obtained by experiment. This can be explained by
area of the electrode, including the insulating regions. For each considering the concentration profile of the Ru(4a" species
BDD electrode, the time regime that dominates will depend on generated at the electrochemically active areas during the
the size and distribution of the active spots (doping level), as forward scan, as shown in Figure 3d. The gray shaded areas in
well as the concentration of redox species and the scan rate inthe figure illustrate where the concentration of Ru@\#"
cyclic voltammetry experiments. Various models and compu- builds up and where the diffusion fields around each active site
tational techniques have been used to simulate the electrochemibegin to overlap. However, before the reverse scan occurs this
cal response of such electrodes, as a function of coverage ofspecies can diffuse to regions above the inactive electrode area
active electrode area, size of active spots, and spot distribution,(striped in the Figure) and so are less available for oxidation
in the fast, slow, and intermediate time regim&=? In general, during the reverse scan. Hence the oxidation peak current is
depending on the active area coverage, at fast and intermediatalways less than the reduction peak current value when there is
times the apparent heterogeneous rate condtgnis found to a hemispherical diffusion element. Similar problems have been
be slower than the heterogeneous rate constant for a 100% activencountered in attempting to fit both forward and backward
surface k, and is given by experimental CV peaks to the same parameters in different
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Figure 4. Experimental (black lines) anBigiSimsimulated (grey lines) CVs for the reduction of Ru(j§i™ in 0.1 M KCI at BDD electrodes
(geometric area 0.283 &at (i) 10, (ii) 20, (iii) 50, (iv) 100 mVs™. (a) 1.3 mM Ru(NH)*" at 10 ppm doped electrode, simulated vkth= 0.012
cm st R, =150Q, A= 0.283 cm. (b) 5 mM Ru(NH)s*" at 10 ppm doped electrode, simulated vkéh= 0.012 cm s, R, = 150Q, A = 0.283
cn?. (c) 1.3 mM Ru(NH)*" at 0.5 ppm doped electrode, simulated with= 0.012 cm s%, R, = 550Q, A = 0.240 cni. (d) 5 mM Ru(NH)s*"
at 0.5 ppm doped electrode, simulated with= 0.012 cm s!, R, = 550Q, A = 0.240 cm.

simulation strategie¥:2° This analysis shows that although the electrode is considerably smaller than the geometric area and
electrode may consist of discrete areas of conductivity, at the that the linear diffusion model as illustrated in Figure 3c cannot
scan rates used in the experiment, the diffusion area is equal tobe assumed in this case. The electrochemically active areas are
the geometric area of the electrode, and so little difference is small enough and distributed far enough apart for the CVs to
observed in the CVs between this electrode and one of the samée taking place in the intermediate time regime as illustrated in
geometric area which has uniform conductivity. In fact, the rate Figure 3b. In this case, it will not be possible to fit these CVs
constant obtained is comparable to that of a highly doped film, using theDigiSimapproach and instead a simulation assuming
the only influence on the CV appears to be the existence of a contribution from radial diffusicif would be required.
resistance through the film. In general, the CVs for these BDD samples support the model
Parts ¢ and d of Figure 4 show experimental CVs (black) that the surface consists of discrete electrochemically active
and simulated CVs (grey) for the reduction of 1.3 mM (Figure areas in an insulating matrix. The most highly doped film,
4¢) and 5 mM (Figure 4d) Ru(N#%3" at the 0.5 ppm BHg prepared with 10 ppm MBls, shows a value ok that is
BDD electrode, at scan rates of 10, 20, 50, and 100 mV s  consistent with literature values, but the increased peak separa-
By use of the same geometric area as the 10 ppm sample (0.283ion is due to a relatively high resistance in the film. The
cny), it was not possible to obtain a good fit for the experimental simulated CV fits the experimental data very well on the forward
data in this case. The best fit using this model was to use ascan, showing that under these experimental conditions diffusion
value of 0.240 crhfor the geometric area, values of<110-° can be assumed to be linear and semi-infinite and therefore that
cm s 2 for the diffusion coefficients, anB, = 550Q andk® = spacing between active spots is very small in comparison to
0.012 cm st. As can be seen in the figure, the fit is very poor, the diffusion layer thickness. The lowest doped film (0.5 ppm
the values ofR, and k® giving approximately correct peak B,He¢) shows deviations from this model and also exhibits
positions and peak currents but with large deviations with respectconsiderably greater resistance. The simulations show that
to the shape of the peaks. The large valud&gbuggests that  reduction of Ru(NH)s*" can be assumed to take place on more
the film is much less conductive than the more highly doped sparsely distributed active spots with the same valuk® afs
10 ppm sample. There are no valuesRafand kP that fit the on the more highly doped sample, but from the geometric areas
experimental data using the geometric area value of 0.283 cm used to fit the CVs, the electrochemically active area is at least
This suggests that the electrochemically active area of the 20% smaller.
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11 nA

25 pm

Figure 5. SECM images of BDD substrates obtained with @ar Pt tip in 1.3 mM Ru(NH)s* in 0.1 M KClI, with tip potential—0.4 V vs
Ag/AgCIl and substrate potenti@ V vs Ag/AgCl, tip—substrate separation-2 um: (a) 0.5 ppm doped BDD, scan rate @0 s%; (b) 10 ppm
doped BDD, scan rate 3@m s, (c) 0.5 ppm doped BDD, scan rate &t s'%; (d) 10 ppm doped BDD, scan rate &én s

Ill. SECM Images of the Boron-Doped Diamond Sub- this case was 1.3 mM Ru(Ny#" in 0.1 M KCI. The tip
strates. SECM makes use of an ultramicroelectrode (UME) tip potential was—0.4 V vs Ag/AgCI, and the substrate potential
to approach to within a few micrometers of a substrate and probewas 0 V. Under these conditions, a conducting substrate should
the electrochemical activity at the surface. Typically the tip exhibit positive feedback as the tip approaches a distance within
potential is chosen to oxidize or reduce a mediator species ina few tip radii, due to the reoxidation of the tip product at the
solution at steady state, and the change in the tip current issubstrate. The positive feedback phenomenon is illustrated
monitored as the tip approaches to within a few tip radii of the schematically in Figure 6a. The images in Figure 5 show
substrate. A plot of the experimental tip current vs-ubstrate substrates of nonuniform electrochemical activity, with currents
separation is called an approach curve and can give informationranging from 0.3 nA, indicating negative feedback,tbl nA
about the nature of the substrate. Approach to an insulatingindicating positive feedback. (Steady-state curreng atfor a
surface typically results in negative feedback, where diffusion 2-um tip in 1.3 mM Ru(NH)s®" is 0.45 nA). The areas of
of fresh mediator species to the tip is blocked as it moves within negative feedback indicate no electrochemical activity in the
a few tip radii of the substrate and the current rapidly drops to substrate. The areas of positive feedback indicate conducting
zero as the tip touches the surface. If the substrate is a conductorareas in the film. The 10 ppm2Bs diamond shows a greater
its potential can be selected so that it reoxidizes or rereducesdensity of electrochemically active sites in comparison to the
the species being produced at the tip. In this case, as the tip0.5 ppm BHg sample. For both samples, the sites are randomly
approaches the surface, positive feedback results and an increasend nonuniformly distributed. The slight streakiness to the
in current is observed. Experimental curves can be comparedimages is due to minor hysteresis in the motion of the inchworms
to theory in order to accurately determine the height of the tip that drive the SECM stage in thedirection, which can be
above the substrate surface. By use of the SECM in imaging removed to some extent by careful calibration.
mode, it is possible to scan over the substrate inkthg plane To obtain higher resolution images, scans were carried out
at a fixed height above the surface and obtain an image of theover smaller 25:m x 25um areas at a slower scan rate of 10
feedback. This allows areas of high electrochemical activity to ;m s1, as shown in Figure 5 for (c) 0.5 ppm and (d) 10 ppm.
be mapped out. Again, the surfaces show nonuniform activity with currents in

Parts a and b of Figure 5 show images obtained when a 2the range 0.3 nA (negative feedback) to 11 nA (positive
um diameter Pt tip is scanned at atn s! in the x—y plane feedback). This indicates a largely insulating surface, with
approximately +2 um above the (a) 0.5 ppm and (b) 10 ppm conductive areas of the order of 5 um in diameter exhibiting
B,Hs films, over a 100um x 100 um area. The mediator in  a high electrochemical activity. These areas are spaced between
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a) electrode is active, up to 50%, and as the CV data showed, the
active areas are located close enough together so that the CV
response is the same as for an electrode with 100% active area.

) SECM imaging, therefore, confirms that the entire electrode

Ru’ Ru™ area is not electrochemically active, consistent with CP-AFM
M and CV results, for a boron-doped diamond electrode prepared

[ Conducting Substrate with B,Hs levels of less than 10 ppm. This proves that a model
close to the second described in the Introduction most accurately

b 3.0 describes the mechanism of electron transfer at the diamond/
.| "\ _(—— Positive Feedback solution interface for BDD at these doping levels. The sites

(iii) N where electron transfer takes place may be where there is an

2.0 R accumulation of boron dopant or where conducting pathways

| (D)

1.0 -ﬂi}

are available through the diamond film. At higher dopant levels
than used in this work, the mechanism of electron transfer may
differ, as interaction between neighboring boron sites becomes
more important. This may lead to more uniform activity of the

05 | Negative Feedback | electrode surface and an electrochemically active surface that
- is more comparable to the geometric area.
0.0 l—— - IV. SECM Approach Curves at the Diamond Substrates.
0 0.5 1 1.5 Approach {—d) curves were recorded in the feedback mode
L in a 1.3 mM solution of Ru(NB)¢®" in 0.1 M KCl using a 25
o 20 um diameter Pt tip held at a potential 60.4 V vs Ag/AgCl,
18 Y Positive Feedback over a diamond substrate held at a potenti& ¥ vs Ag/AgCl.
16 @) “'/ With this relatively large Pt disk diameter, the tip samples both
14 conducting and insulating portions of the surface simultaneously.
, — Figure 6b shows experimental approach curves (thick black
J10 — lines) obtained using a 2&m Pt tip for approach to the 0.5, 1,
- 5, and 10 ppm BHg diamond substrates, along with the curves
{‘)——""'——__—- theoretically predicted for diffusion-controlled positive feedback
\ for approach to a conductor and negative feedback for approach
o2 Negative Feedback to an insulator (thin black lines). In each case, the normalized
0.0 J— : _ . - currentl(L) = iim /i» has been plotted against normalized
0 08 . ! 15 distance from the substrate,= d/a, wherei., is the steady-

state limiting current of the tip far removed from the substrate
Figure 6. (a) Schematic diagram illustrating positive feedback at a and a is the radius of the electrode. The figure shows that
c.onductive.substrgte. (b) Experimental apprpach curves.(thick black approach to the 10 ppmyBs sample results in positive feedback
lines) obtained with a 2%m diameter Pt tip approaching BDD 5. the experimental data points almost follow the theoretical
substrates, in 1.3 mM Ru(N§#3* in 0.1 M KCI, with tip potential o S .
~0.4V vs Ag/AgCl and substrate poterit@V vs Ag/AgCl, for: (i) curve fo.r pure positive feedback, |nd|cqt|ng that thg surfacg is
0.5, (ii) 1, (iii) 5, and (iv) 10 ppm doped BDD. Theoretical curves conducting, with fast heterogeneous kinetics at this potential.
(gray lines) are calculated from eq 3 using values okdi)= 0.010 Behavior close to pure positive feedback was observed for this
cm s, (i) ket = 0.019 cm s?, (i) ke = 0.021 cm S%, (iV) ket = sample regardless of lateral position of the tip on the substrate.
0.072 cm s'. Thin black lines show approach curves predicted for |n contrast, the 5, 1, and 0.5 ppmHes samples show behavior
pure positive and negative feedback, calculated from egs 5 and 4,jndicative of kinetically limited positive feedback. The tip

respectively. (c) Experimental approach curves (thick black lines) e . S
obtained with a 2um diameter Pt tip approaching BDD substrates, in current initially shows a rise in current due to positive feedback,

1.3 mM Ru(NH)&* in 0.1 M KCI, with tip potential—0.4 V vs Ag/ which then falls to lower values as the tip continues to approach
AgCl and substrate potentia V vs Ag/AgCl, for: (i) 0.5, (i) 1, (iii) the surface. Such behavior is characteristic of surfaces where
5, and (iv) 10 ppm doped BDD. Theoretical curves (grey lines) are heterogeneous kinetics are finite. The approach curves for these
calculated from eq 3 using values of (i = 0.033 cm s, (i) ket samples were very dependent on the lateral position of the tip

= 0.050 cm s*, (iv) ker = 0.150 cm s™. Curve (i) was fit to the  ahoye the substrate and approach over different areas resulted
expression for negative feedback. Thin black lines show approach i, \4ring degrees of positive feedback, because, as discussed
curves predicted for pure positive and negative feedback, calculatedpreviously the conductivity is not unifoyrm over tP’1e diamond
from egs 5 and 4, respectively. ) '

a P Y surface. This was especially true of the 5 ppatHBsubstrate,
where sometimes diffusion-controlled positive feedback could

1 and 25um apart. These electrochemical “hot-spots” cor- be observed, similar to the 10 ppm sample.

respond well to the regions of high conductivity observed using . .
CP-AFM. When the 2im tip is positioned over one of these The analysis of SECM approach curves to a nonuniformly

sites and an approach curve obtained, positive feedback can p&onductive or partially blocked surface.has been discu;sed, using
observed. Again the 10 ppm sample shows a greater density ofihe example of a gold substrate partlally. blocl:ked. Wlth a self-
such sites, confirming the correlation between the doping level 25Sembled monolayék.The steady-state diffusion-limited cur-
and electrochemically active electrode area. Taking parts c and'€Nt 0 @ uniformly accessible surface partly covered by
d of Figure 5 as representative for the 0.5 and 10 ppm S‘,jlmplesyrandomlly Q|str|buted active disks was shown to be equwalgnt
approximate values can be estimated for the electrochemicallyto the k|nfet|cally controlled current at the same surface but with
active area of the electrodes. Figure 5a suggests that less thafin €ffective rate constant

25% of the 0.5 ppm electrode is electrochemically active,

whereas Figure 5b shows that a much larger area of the 10 ppm Kot = 4(1 — 0)DInRy 2)
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TABLE 2: Values of Apparent Heterogeneous Rate theory; however, in some cases as the tip position is changed,
Constant, Kef, aﬂ? Clovedra}ge of Elegtrocgemt;cally Active some positive feedback can be obtained for this substrate. If
ﬁ;%?o%c; g)ljr\(/::scil#] aFti%urgogfgﬂaDggugstr)z/atEsmgfg the tip approaches the surface directly above an electrochemi-
Different Doping Levels cally active spot as seen on the SECM images in Figure 5, pure

diffusion-controlled positive feedback is observed that can be

(1 ~ 0) coverage of fit to eq 5. This indicates that at the conducting areas electron

source gas Bs electrochemically

level/ppm tip radiugim  keg/om s'1 active area transfer occurs with fast kinetics. The experimental approach
curves to different positions on the 1, 5, and 10 ppaid8
10 125 0.072 0.57 . L . . .
5 125 0.021 017 diamond substrates exhibit a mixture of negative and positive
1 12.5 0.019 0.14 feedback depending on the lateral position of the tip above the
0.5 125 0.01 0.08 surface, indicative of the nonuniform nature of the substrate

. . . . conductivity. Neither pure negative nor positive feedback is
where#@ is the fraction of the surface that is insulating dRg t y P 9 P

is the radius of the conductive areas. Thus, the SECM approach ypically observed.

curve at a partially conductive substrate should have the same,  ~onclusion

shape as the kinetically controllég—d curve at a completely '

conductive substrate where the heterogeneous kinetics are finite. CV, CP-AFM, and SECM were used to investigate the nature

This can be described by e§?3 of electron transfer at BDD samples, with low doping levels of
less than 10 ppm. The reduction peak heights in CV were found
ITK(L) =1l41- IT'NS/ITC) + ITINS 3) to depend on the boron-doping level, but differences in peak

separations were attributed to uncompensated resistance in the
where 11, 11X, and I1/NS represent the tip current for the diamond films, rather than slow heterogeneous kineiggSim
diffusion-controlled regeneration of a redox mediator, finite simulations suggested that the lowest doped samples could not
substrate kinetics, and insulating substrate, respectively, givenbe fit using a semi-infinite linear diffusion model, as the surface

by the analytical approximations consisted of well-spaced electroactive areas within an insulating
matrix, where there was some radial component to the diffusion.

1N = 1/[0.292+ 1.5151L + 0.6553 exp{-2.4035L)] CP-AFM and SECM imaging showed that the films consisted
(4) of predominantly insulating, nonelectrochemically active areas

containing isolated sites of very high conductivity and electro-
|TC = 0.68+ 0.78377L + 0.3315 expt-1.0672L) (5) chemical activity. These sites were probably belowrt in
diameter and distributed across the surface. The distribution may
lg=0.78377L(1 + 1/A) + be random, although some images (e.g., Figure 5) suggest that

the conductive sites are at grain boundaries. The density of these
[0.68+ 0.3315 expt-1.0672L))/[1 + F(L,A)] (6) sites increased with boron doping level. SECM approach curves

whereF(L,A) = (LUA + 7.3)/(110— 40L) with A = keral/D, to the different substrates allowed values of the effe_ctive_
whereker is the apparent heterogeneous rate constant (& s heterogeneous rate constants and surface coverage of active sites

as defined in eq 2, anB is the diffusion coefficient of the to be calculated. These results suggest that at low doping levels
redox mediator (cﬁw,s*l). the diamond surface only has limited sites10—60% of the

The experimental approach curves in Figure 6 have been fit geometric area) where electrochemistry can take place, with
to SECM theory using eq 3 (gray linesnd the resulting values electron transfer being reversible at those sites. Redox processes
of ket for each substrate are presented in Table 2. The values@re limited by the availability of such sites rather than by slow
range from 0.072 cm$, at the more highly doped sample, to heterogeneous rate constants for electron transfer caused by
0.010 cm st at the samble with the lowest doping level. Us:ing limited migration of carriers to the electrode interface. At higher

a value ofD = 1 x 1075 cm? s* and estimating an average boron-doping levels, the mechanism of charge transfer may
value of Ry = 1.0 um from the SECM images in Figure 5 differ, as well as using a different redox species, with a different

approximate values of (+ 6), the fraction of the area of the formal potential relative to the valence band potential of BDD.
diamond substrates that is conductive, can be calculated. The .
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approach to the sample prepared with 0.5 ppsHBypically (17), 1349.

shows pure negative feedback, which fits almost exactly to (3) Tenne, R.; Levy-Clement, Gsr. J. Chem.1998 38 (1—2), 57.
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