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Abstract Diamond-like carbon electrodes (DLCEs)
have been synthesized by the pulsed laser deposition
method. The surface structure of the DLCEs has been
studied by atomic force microscopy and the root-mean-
square roughness has been established as R,,>81 A.
Electrochemical impedance spectroscopy and cyclic
voltammetry data show that DLCEs are nearly ideally
polarizable in the potential region -0.4<E<1.1V (vs.
Ag|AgClsat. KCI in H,0O) in 0.1 M NaF + H,O0 solu-
tion. Various equivalent circuits have been used for fit-
ting the complex plane and Bode plots. A very good
agreement between experimental and calculated Nyquist
curves has been established if the charge transfer and
double layer charging at the surface, intercalation of the
H" and (or) Na" ions and solid phase diffusion inside
the nanoparticle, as well as the effect of an insulating
film at the surface (i.e. surrounding the nanoparticles),
are taken into account.

Keywords Diamond-like carbon - Electrochemical
double layer - Impedance - Pulsed laser deposition

Introduction

Diamond and diamond-like carbon electrodes (DLCEs)
have been objects of very many fundamental and ap-
plied studies, but the electrochemical characteristics of
the material are not very well established [1, 2, 3, 4, 5,
6,7,8,9,10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21,
22, 23, 24, 25, 26, 27, 28, 29, 30, 31]. Diamond exhibits
several remarkable properties of technological interest:
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it is very dense and extremely hard, has a large thermal
conductivity and has free carriers with a high mobility
[1, 2, 3, 4, 5, 17, 18, 19, 20, 21, 22, 23, 25, 26, 27, 28,
30, 31]. In its undoped form, diamond is an insulator
with a band gap of ~5.5eV. However, p-type con-
ductivity and semi-metallic behaviour can be achieved
by boron incorporation [1, 2, 3, 17, 25, 30, 31]. Highly
doped diamond is also an interesting electrode material
for fundamental electrochemistry studies, including the
kinetics and mechanism of electron transfer processes.
The excellent chemical inertness, combined with a low
background current density and the large potential
range between the onset of oxygen and hydrogen evo-
lution, favour the use of diamond for the electroanal-
ysis of a variety of electroactive species [6, 7, 8, 9, 17,
25]. Differently from many semiconductors and metals,
diamond does not form a macroscopic oxide layer on
its surface and it does not dissolve anodically (oxidize)
or cathodically over a very wide potential region
(~3.0 V) [9]. Theoretical calculations predict that the
electronic properties of carbon forms will be variable
over very wide limits. Interest in nanostructured carbon
electrodes stems from their unique geometrical, me-
chanical, electronic and chemical properties. To date,
most fundamental research on carbon nanotubes and
carbon nanoporous materials has been focused on their
growth mechanism [10, 11].

Electrochemical impedance studies show the very
high capacitance values for polycrystalline diamond
electrodes [1, 9, 12, 24, 25, 26]. Electrodes from good
quality material with a faceted surface have a smaller
interfacial capacitance than those from materials with
polycrystalline (fractal or porous) surface morphology
and surface regions, consisting of carbon in the sp?
hybridization state [1, 8, 9, 12, 13, 14, 15, 16, 17, 28]. In
some cases, the results indicated that the interfacial
capacitance is determined by a majority carrier deple-
tion layer and the capacitance versus voltage plot
agrees with the Mott-Schottky relationship over a
limited potential region [1, 2, 3, 12, 13, 14, 15, 16, 17,
25, 30, 31].
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Usually, the highly boron-doped diamond (BDD)
thin film electrodes were deposited on various conduc-
tive substrates, using microwave-assisted plasma-
enhanced chemical vapor deposition and other similar
methods [1, 2, 3,4, 5,6,7,8,9, 10, 12, 13, 14, 15, 16, 17,
23, 25, 28]. In this work, we have prepared polycrystal-
line DLCEs using the pulsed laser deposition method
[32], and established the impedance and cyclic voltam-
metry characteristics for the DLCE|xM NaF aqueous
solution interface [10, 11].

Experimental

Deposition and characterization techniques of the DLCE

The scheme of the pulsed laser deposition (PLD) chamber of the
DLCE is shown in Fig. 1 and an overview of the full computer-
aided laser deposition system is given elsewhere [32]. The KrF ex-
imer laser (ESTLA EXC-150/25) has been used to produce 25 ns
pulses with a maximum energy of 250 mJ. The laser beam with a
flux density of 8.5-9.0 J cm = was focused onto the liquid target
[33, 34] at an angle of 45°. The target material was the vacuum
pump oil “Santovac 5 (Edwards). The ablated material was de-
posited on the tip of a carbon cylinder with the dimensions
5x10 mm, which was surrounded on the lateral sides by a poly-
styrene film and additionally isolated by a Teflon holder [11, 35, 36,
37, 38]. The carbon substrates (CY-2500) were fixed with a stainless
steel splint, which permitted easy exchange of the substrates and
use of different target-substrate distances (a 40 mm distance was
used in the present work).

Before being inserted into the chamber, the substrates were
mechanically polished, cleaned with concentrated HF and HCIO,
[2], washed using MilliQ+ water and ethanol and thereafter rinsed
with methanol.

The base pressure inside the deposition chamber was ~10¢
mbar. Deposition was carried out at room temperature with the
following laser parameters: pulse frequency, 10 Hz; spot area,
~1.5 mm?; maximal number of pulses used, 1000. The thickness of
the DLC layer was 30+ 10 nm.

The Raman spectra (Fig. 2) were recorded with a spectrometer
consisting of an Ar-ion laser (488 nm line), a double monochro-
mator (SPEX 1402) and a cooled CCD camera (Andor, model
DU420-BU). Topographical images of the film surfaces were
measured with an Autoprobe CP (Park Scientific) atomic force
microscope (AFM) (Fig. 3).

The electrical double layer impedance was measured using an
Autolab PGSTAT 30 with a FRA 2 analyzer in the range of a.c.
frequencies 0.01 <v<10* Hz with +5 mV modulation. NaF for
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Fig. 1 Scheme of the pulsed laser deposition chamber
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Fig. 2 Raman spectrum of a diamond-like carbon film deposited
on a carbon substrate: /, total curve (solid line: fit); 2 and 3, curves
used for fitting the total Raman spectrum for the DLCE
(explanations in text)

preparing the solutions was purified by triple recrystallization from
MilliQ + water and treated in vacuum to dryness. NaF was calc-
ined at 700 °C immediately prior to the preparation of the solu-
tions. Pure Ar (99.9999%; from AGA) was bubbled for 1-2 h
through the electrolyte before the submersion of the DLCE into the
solution. The temperature was kept at 298 K. An AgCl|Ag (sat.
KCl in H,O) reference electrode was used and all the potentials are
presented with respect to this electrode [11, 21, 22, 23, 24].

Results and discussion

Raman spectra (Fig. 29 of the samples, recorded in the
range 1100-1800 cm Raman shift wave numbers,
consist of two broad bands peaking at 1353 cm’
(D-band with the integral intensity Ijp) and at 1541 cm™
(G-band with the integral intensity Ig). The ratio of
the integral intensities of the two bands is Ip/Ig=0.75,
and the widths of the spectral bands are 264 cm ' and
160 cm ', respectively. Comparison of our results with
the literature data [25, 28, 39, 40] shows that the shape of
the spectrum in Fig. 2 is typical of amorphous diamond-
like carbon films with a relatively high content of carbon
in the sp® hybridization state. Based on results [39, 40]
where the Raman spectra and electron energy loss
spectra (EELS) were correlated for samples with differ-
ent contents of carbon in the sp® hybridization state, it is
possible to calculate that the ratio sp’/sp® of the hy-
bridization states is >0.8 in our DLCE. However, tak-
ing into account the fact that the G-band in our samples
is shifted toward smaller wave numbers (1541 cm™)
compared with pure graphite (1580 cm ™), the ratio of
the sp’/sp® hybridization states is probably somewhat
higher than 0.8. This conclusion is in agreement with
results [41, 42] where the shift of the G-band toward
higher wave numbers has been explained by a higher
content of carbon in the sp® valence state in DLCE
samples.



AFM images of the carbon substrate (CY-2500)
surface and DLC coatings were also measured in con-
tact-mode regime and the results are shown in Fig. 3.
The root-mean-square roughness (R,,s) values of these
surfaces (determined from I1x1 pym DLCE areas) were
41 A and 68 A, respectively. Consequently, the rough-
ness of DLC films is higher compared with the initial
surfaces of the carbon substrates, and DLC particles
have an average size of about 0.1 um.

Fig. 3 AFM images of carbon substrates (a and b) and DLC films
grown on the same substrates (¢ and d). The image areas are
5x5 pum (a, ¢) or 1x1 pum (b, d)
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Results of electrochemical studies
Cyclic voltammograms
The CVs shown in Fig. 4a indicate that in the potential

region —0.4< E<1.0 V [vs. AgCl|Ag (sat. KCI in H,0)]
the current density values are low and depend slightly on
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Fig. 4 a Current density vs. electrode potential curves and b
differential capacitance vs. electrode potential curves (calculated
from j vs. E curves; open symbols: potential scan toward less
negative potentials; filled symbols: potential scan toward more
negative potentials) for the DLCE in 0.001 M NaF solution at
different potential scan rates (mV s 1): 25 (1), 50 (2) and 100 (3). ¢
Differential series capacitance C, vs. E curves obtained from Z” vs.
Z’ curves at different a.c. frequencies (Hz): 10 (1), 5.2 (2), 2.0 (3),
1.0 (4), 0.52 (5), 0.19 (6) and 0.10 (7)
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the potential scan rate and, thus, in this potential region
there are no rapid faradaic processes at the DLCE|
0.1 M NaF aqueous solution interface. At E<—0.4 V, a
rapid reduction process begins at the DLCE|0.1 M NaF
aqueous solution interface. The shape of the j vs. E
curves is typical of carbon electrodes in the region
—0.4<E<1.0 V[2,10, 11] and the capacitance values, C
(Fig. 4b), calculated from j vs. E plots (C=j/v, where
v=dE/dt is the electrode potential scan rate), are in
reasonable agreement with the series capacitance values
(Cs) obtained from the complex plane plots (-Z” vs. Z’,
i.e. so-called Nyquist plots [43, 44, 45, 46, 47, 48, 49, 50,
51, 52, 53, 54]: Z”=(C2nv) ' j = vV/—1) at a frequency
va~0.1 Hz (Fig. 4c). The values of C are practically in-
dependent of v in the potential region —0.30 < £<0.80 V
and, thus, this potential region corresponds to the region
of nearly ideal polarizability of DLCEs [43, 44, 45, 46,
47, 48, 49, 50, 51, 52, 53, 54, 55, 56, 57, 58]. At
E<-0.40 V, the capacitance values decrease with the
increase of the potential scan rate (Fig. 4b) and this
effect can be explained by the very high resistance (i.e. by
the very high potential drop [10, 11] inside the carbon
electrode material [59, 60, 61]). It should be noted that
additional studies in less concentrated electrolyte
solutions are required to give more detailed results.

Complex plane plots

The complex plane plots obtained at various fixed elec-
trode potentials (E=const.; -0.4<E<1.1 V) and at
different NaF concentrations, presented in Figs. 5a, 6a
and 7a, indicate that the shape of the Z” vs. Z’ plots
depends noticeably on FE, i.e. on the surface charge
density, g, of the DLCE. At potentials 0.4<E<1.2V
[vs. AgCl|Ag (sat. KCI in H,0)], a depressed semicircle
in the high-frequency region and nearly so-called “‘ca-
pacitive” behaviour (i.e. finite length effects [10, 11, 53,
54, 55, 56, 57, 58]) in the low-frequency region
(v<10 Hz) are observed. Differently from the nano-
porous carbon electrodes, there is no so-called micro-
porous region with a slope of 45° in the region of
moderate frequencies [10, 11, 24, 29, 44, 45, 46, 47, 48,
49, 50, 51, 52, 53, 54]. It can be seen that, in the nearly
capacitive region (v <10 Hz), the curvature of the Z” vs.
Z’ plots increases noticeably with the negative surface
charge density, but the width of the depressed semicircle
observed at higher frequency (v>19 Hz) is practically
independent of E. Comparison of the results in Figs. Sa,
6a and 7a shows that, at higher frequencies, the width of
the first semicircle, i.e. the total series resistance (prob-
ably the sum of charge transfer and the bulk electrolyte
resistance), increases with the dilution of the electrolyte
solution.

The influence of the partial charge transfer process
increases with the negative polarization (Figs. 5a, 6a and
7a), and at E <-0.4 V [vs. Ag|AgCl (sat. KCI)] there are
two depressed semicircles in the complex plane plot,
which can be explained by the increase in influence of the
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Fig. 5 a Complex plane plots [at electrode potentials (V): 0.2 ({),
0.6 (2), 1.1 (3) and —0.4 (4)]; b phase angle vs. a.c. frequency plots
and ¢ complex impedance vs. a.c. frequency plots [at electrode
potentials (V): 1.1 (1), 0.2 (2), -0.2 (3) and —0.4 (4)] for the
DLCE|0.1 M NaF + H,O interface. Potentials have been given vs.
Ag|AgCl (sat. KCI in H,0) on all figures

parallel charge transfer resistance, i.e. by the decrease in
resistance with the increase in rate of the cathodic
faradaic processes (probably reduction of surface-active
functional groups, reduction of Na™ and H" or partial
charge transfer process to the DLCE from the Na ™ ions
during the adsorption step [10, 11]) at the negatively
charged surface of the DLCE.

Analysis of complex plane plots shows that the fre-
quency for the maximum of the depressed semicircle in
the high-frequency region of the Z” vs. Z’ plots is
practically independent of the electrolyte concentration
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Fig. 6 a Complex plane plots [at electrode potentials (V): 0.6 (1),
0.2 (2), 1.1 (3) and —0.4 (4)]; b phase angle vs. a.c. frequency plots
and ¢ complex impedance vs. a.c. frequency plots [at electrode
potentials (V): 1.1 (1), 0.2 (2), —0.2 (3) and —0.4 (4)] for the
DLCE|0.01 M NaF + H,O interface

as well as the electrode potential studied (if £>-0.3 V).
Thus, the frequency ®max=(Tmax)  =(RpCp) ' (Where
Tmax 18 the characteristic relaxation time and Ry, and Cy,
are the total resistance and total capacitance of the bulk
electrolyte and electrode material, i.e. the capacitance of
a “flat” electrode and the resistance of the high-
frequency processes occurring on it) seems to be char-
acteristic of the surface of the solid material|electric
double layer interface. It is probably caused mainly by
the space charge effects in the surface layer of the carbon
material [45, 46, 47] and by the macroscopic Helmholtz
layer capacitance characteristics for the flat electrode as
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Fig. 7 a Complex plane plots [at electrode potentials (V): 0.6 (1),
0.2 (2), 1.1 (3) and —0.4 (4)]; b phase angle vs. a.c. frequency plots
and ¢ complex impedance vs. a.c. frequency plots [at electrode
potentials (V): 1.1 (1), 0.2 (2), 0.2 (3) and —0.4 (4)] for the DLCE]|
0.001 M NaF + H,O interface

well as by the diffuse (Gouy) layer characteristics. The
value of Ry, can be obtained from the Nyquist (Z” vs. Z’)
plot, where the low-frequency and the high-frequency
ends of the straight line coincide with series resistance Ry
value [10, 11, 43, 44, 45, 46, 47, 48, 49, 50, 51, 52, 53, 54].
The frequency of the inflection point between the semi-
circle and the so-called capacitive (in our case nearly
capacitive) region of the Z” vs. Z’ plots at v<10 Hz is
practically independent of c¢na.r as well as of E, and
probably characterizes the interplay of a.c. penetration
depth 4 and the macroscopic surface roughness charac-
teristics of the DLCE [10, 11].
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The Bode plots (i.e. the phase angle |d] and complex
impedance |Z| vs. logv dependences) (Figs. 5, 6, 7, parts
b and c) indicate that there is a minimum in the |d] vs.
logv curves (/6| < 10 for 1x10* M NaF) and, thus, there
are no processes (faradaic) on the DLCE|NaF + H,0
interface with characteristic frequency values in this re-
gion of v. At fixed electrolyte concentrations the values
of |Z] and |6| do not depend on the potential if
v=2100 Hz. For 0.01 M and 0.001 M electrolyte solu-
tions, there is a maximum in the |d| vs. logv curves with
the value |6/=63°, characteristic of the kinetically mixed
process (0 =-45° for diffusion limitation and 6~-90° for
pure capacitive behaviour [10, 11]). The absolute value
of the phase angle |§| and the frequency maximum in-
crease with the electrolyte concentration. Thus, devia-
tion of the DLCE|xM NaF + H,O interface from the
behaviour characteristic of the pure capacitance
increases on dilution of the electrolyte.

At smaller frequencies (Figs. 5, 6, 7, parts b and c),
the values of |Z| and |§| start to increase, and at
0.05 < v £ 10 Hz there is a maximum in the 0 vs. logy
plot with the value |6/265° (for 1x10"' M), which is
mainly characteristic of the kinetically mixed limited
process at the rough surfaces (adsorption and diffusion-
limited stages in the interior of the electrolyte). The slope
of the |d| vs. logv dependence remarkably depends on
cnar and  the maximum values of [0[245° for
cNnar =0.001 M have been established only at very low
frequencies (v < 0.1 Hz). This result is probably caused
mainly by the interplay of the Debye screening length
and surface roughness of the DLCE electrode [11, 36,
37, 38, 62, 63]. With the increase of the electrolyte
concentration, the frequency of this frequency maxi-
mum, v  (in the low-frequency region), shifts toward

max
higher frequencies, i.e. toward smaller relaxation times

(’L’:.Eax = (vgm)fl). The values of [§| are maximal at

E=~0.2 V and the dependence of || on c¢nuf IS more
noticeable for more dilute solutions (cyap < 1x107° M).

In comparison with a nanoporous carbon electrode
(NPCE), the low-frequency characteristic relaxation time,
7l .. is noticeably shorter for a DLCE than for a NPCE
(approximately 10° times) [11]. The dependence of the
series capacitance C; [obtained from Z’ = (j2nvC,) '] and
parallel capacitance C}, on o'? (Fig. 8a) and C, Cp and
R, on logv are in a good agreement with the conclusion
made above, and the coincidence of these dependences in
the region 10<v<10,000 Hz (Fig. 8b and c) indicates
that there is no rapid faradaic charge transfer reactions at
the DLCE|xM NaF + H,O interface. The series capaci-
tance values C, decrease on dilution of the electrolyte;
thus, weak adsorption of Na ™ cations on the DLCE is
possible.

At v21000 Hz, the values of Cs and C,, are of the
same order as the values obtained for the flat single-
crystal Bi, Ag and Cd electrodes [35, 36, 37, 38]. Thus, in
this region of v where the a.c. penetration depth is small,
the surface of the DLCE seems to be comparatively flat
(the DLCE surface works as a flat surface). In the region
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frequency plots [at electrode potentials (V): 1.1 (1), 0.2 (2), 0.2 (3)
and —0.4 (4)] for the DLCE|xM NaF + H,O interface [x=0.1 (a, ¢),
0.01 (b) and 0.001 (d)]



v<100 Hz, a very high increase of Cs as well as C,
values takes place and thus very high capacitance values,
compared with the smooth single-crystal metal elec-
trodes, have been established at va~0.1 Hz. Thus, at
higher a.c. penetrability the DLCE surface demonstrates
parameters that are characteristic for very rough (po-
rous) electrodes. However, the values of C, for the
DLCE are ~10°~10° times lower than for the NPCE
[11]. The very weak dependence of C, on E as well as the
good agreement of Cy and C, values in the region
—0.2<E<1.1 V and the very high parallel resistance R,
values (Fig. 8c) indicate the absence of rapid faradaic
processes at the DLCE|xM NaF+H,O interface.
Comparison of Z’, Cs, Cp, |Z| and 6 vs. logv depen-
dences obtained at different electrolyte concentrations
indicate that the solution phase characteristics (i.e. the
electrolyte resistance, Debye screening length and diffuse
layer capacitance) are very important parameters for
obtaining the high-frequency characteristics (series re-
sistance) of the DLCE|xM NaF + H,O interface. Ac-
cording to the data in Fig. 8¢ and d, the values of the
parallel resistance R, as well as the series resistance R
noticeably decrease with the increase of the electrolyte
concentration. The very high R, values indicate that
there is no rapid faradaic processes at 0.3 <E<1.0 V.

Fitting the results of the experimental complex plane plots

Usually the Z” vs. Z’ plots, like those presented in
Figs. 5a, 6a and 7a, have been simulated by the Randles-
type equivalent circuit (circuit I in Fig. 9) that combines
the high-frequency resistances of the electrode material
and bulk electrolyte (Rq), the electrical double layer and
adsorption capacitances (Cg and C,q), the ionic charge
transfer resistance and double layer resistance (R,q) at
the front contact and the restricted diffusion (Warburg-
like impedance, Zw) of the adsorbed or inserted species
(the insertion of cations Li* or H" as well as Na™
cations in our case) into the electrode material from
aqueous and non-aqueous solutions [44, 45, 46, 47, 48,
49, 50, 51, 52, 53]. In this case, the specific impedance
and capacitance functions have the following forms:

1
Z(w) = Ry + - 1
(@) =R JoCal + m——p— ; R M
\/jt_u JoCyhq ad
and
1 Cad
Clo)=—5—~—F=Ca+t . -
( ) _]CU[Z((D) _Rel} 1+ O'adcad V]w +Radcadjw
(2)

where aad(ja))_l/ 2 represents the diffusion (Warburg-
like) impedance Zy with its coefficient ¢,4. Studying the
difference between the equivalent circuits presented in
Fig. 9, there are two accurate ways to obtain an indi-
cation of how well the modelling function reproduces
the experimental data set: (1) observing the parameter
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Fig. 9 Equivalent circuits used for fitting the experimental complex
plane plots. I: combined Frumkin-Melik-Gaikazyan and Randles
circuit, where CPE is the constant phase element, R,q is the charge
transfer resistance, Zw is the Warburg-like diffusional impedance,
and C,q is the adsorption capacitance. II: circuit consisting of two
CPE elements (CPE; and CPE,) in parallel with the resistances R;
and R, (see text). I1I: circuit in which R, is the resistance of the
electrolyte and DLCE material; CPE, is the constant phase element
related to the capacitance of the Helmholtz layer and surface films;
and CPE; is related to the capacitance of the flat electrodelelec-
trolyte interface; R, is the charge transfer resistance of the flat
electrode|solution interface; and R, is the partial charge transfer
resistance at the internal surfaces of a rough electrode. IV circuit in
which R, is the resistance of the electrode material and bulk
electrolyte; Zw is the Warburg-like impedance; Cy, C, and Cj are
the surface film, double layer and adsorption capacitances; and R,
and R; are the charge (or partial charge) transfer and surface film
resistances, respectively

values and their relative error estimate (in %); (2) the
chi-squared function (i) also gives a good indication of
the quality of the fit [43, 53, 54, 55, 56].

The results of the fitting of our experimental Z” vs. Z’
plots (Fig. 10a), using the program Zview 2.2 for Win-
dows (Scribner), shows that the agreement is not very
good at smaller frequencies of v<5 Hz (y°>1.5x10 and
the weighted sum of squares is A%>0.14) and therefore
this simple model seems to be valid for the DLCE|xM
NaF + H,O interface only to a first very rough approx-
imation. The model of Ho et al. [54] is a modification of
the Frumkin-Melik-Gaikazyan-Randles-type model and
it predicts pure capacitive behaviour at low frequencies.
However, in good agreement with the results of other
studies [10, 11], the impedance is not purely capacitive
for the DLCE|xM NaF + H,O interface at v<5 Hz. Our
results (Figs. 5, 6, 7, 10) show that a certain capacitance
dispersion characteristic of polycrystalline solid elec-
trodes has been observed and, in such cases, the im-
pedance spectra (Z vs. w) can be modelled by an
equivalent circuit containing a constant phase element
(CPE) showing power law frequency dependence:

Zepp(0) = 47 (joo) ™ (3)

where  is the angular frequency and j=+v—1. Ac-
cording to the experimental results obtained for various
metal electrodes, the smoother and cleaner the surface,
the closer is the value of « to unity (at «= 1.0, the value
of the CPE coefficient 4 is equal to the capacitance of
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Fig. 10 a Experimental Z” vs.
Z’ plots (points) (1, 3) for the
DLCE|0.01 M NaF + H,0 in-
terface and calculated curves
according to the Frumkin-
Melik-Gaikazyan and Randles
model (solid lines) (2, 4) at
electrode potentials (V) of —0.4
(1, 2) and 0.2 (3, 4). b CPE
coeflicient 4 and fractional ex-
ponent o vs. electrode potential
plots; ¢ Coq and R,q vs. elec-
trode potential plots; and d o
and Rp vs. electrode potential
plots for the DLCE|xM

NaF + H,O interface with the
following values of x: 0.001 (1),
0.002 (2), 0.003 (3), 0.01 (4),
0.05 () and 0.1 (6)
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the double layer, but in the general case the frequency-
independent constant A has the dimensionality F* Q*"!
cm2). The dependences of 4 and o on E obtained for
different electrolyte concentrations are given in Fig. 10b.
The value of o somewhat decreases with dilution of the
electrolyte, in the same direction as the constant 4. The
adsorption capacitance C,q increases with cn,r as well
as with the negative polarization of the electrode, which
can be explained by the more pronounced adsorption of
Na™ ions (and probably noticeable intercalation at
E <-0.4YV) on the DLCE surface (Fig. 10c). This de-
pendence is in good agreement with the decrease of the
partial charge transfer resistance (or the “true” faradaic
reaction resistance) (Fig. 10c) and diffusion resistance
values (Rp) (Fig. 10d), obtained according to the gen-
eralized finite Warburg element (GFW) for a short cir-
cuit terminus model, expressed as:

Zgrw = Rp tanh[(jTw)™]([(Tw) ™" (4)

where Rp is the so-called limiting diffusion resistance;
the so-called frequency parameter 7= L?/D, where L is
the effective diffuse layer thickness and D is the effective
diffusion coefficient of a particle; aw is a fractional ex-
ponent, varying from 0 to 1. Values of oy somewhat
higher than 0.5 (0.53 < aw < 0.63) (Fig. 10d), as well as
T # 0, indicate that there are small deviations of the
DLCE|xM NaF + H»O interface from the classical semi-
infinite diffusion layer model with aw =0.5 [55, 56, 57,
58].

The analysis of the Z” vs. Z’ plots shows that the
DLCE|xM NaF + H,O interface can be simulated with
better accuracy by an equivalent circuit (circuit 2 in
Fig. 9) which consists of two CPE elements (CPE; and
CPE,) in parallel with the resistances R; and R,. Ac-
cording to the results of the fitting (Fig. 11a)
(7> <1.3x107° and A?<0.1), the first block of this
circuit formally describes the electrical double layer
(interfacial) parameters at low frequencies (i.e. mainly
Helmholtz inner layer characteristics at rough internal
surfaces of the DLCE) and the second parallel com-
bination of CPE, and R, describes the high-frequency
parameters of the DLCE|electrolyte interface, which
seems ‘“‘flat” at higher frequencies (at low a.c. pene-
tration steps).

The results of the simulations show that there is a
very well pronounced dependence of the values of 4, 4,
(obtained from CPE; and CPE,, respectively), R; and R,
on the electrolyte concentration (Fig. 11b and c). For
example, the parallel resistance of the so-called high-
frequency part of the equivalent circuit (R,) noticeably
increases with the decrease of the electrolyte concentra-
tion, and the same is valid for 4, and o, (obtained from
CPE,) according to Eq. 3. Except for A4, values at higher
electrolyte concentrations, the values of A4,, o, and R,
are practically independent of the electrode potential
and probably characterize the bulk electrolyte as well as
the bulk electrode material characteristics. The value of
A, noticeably decreases with the decrease of the elec-
trolyte concentration and the very low values of A4, for
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cnar < 1x1072 M [10, 11], compared with metal elec-
trodes, probably indicate the very large influence of the
potential drop in the surface layer of the DLCE (i.e. the
main potential drop is attributed to the space charge
region within the DLCE) [59, 60, 61].

The values of 4, related to CPE,, are noticeably
higher than A,, which can be explained by the fact that
the a.c. penetration depth is high at low frequencies and
the whole surface of the rough DLCE participates ac-
tively in the electrical double layer formation process.
The noticeable increase of A; with the negative polar-
ization of the DLCE (Fig. 11b) can be explained by the
weak adsorption of the Na™ cations on the internal
surface of the DLCE. The noticeably lower values of
o £ 0.7 compared with 0,>0.90 indicate that the DLCE
surface is geometrically inhomogeneous, as well as by
the fact that the deviation of the system from purely
capacitive behaviour (¢=1) toward diffusion-limited
behaviour (x=0.5) increases. Thus, the noticeable in-
crease of A; and decrease of the parallel resistance R, as
well as the fractional exponent «;, probably indicate an
increase in the rate of the partial charge transfer process
(or “true” faradaic cathodic process resistance) with the
negative polarization.

Taking into account the fact that there is a potential
drop in the surface layer of the DLCE, the equivalent
circuit III, presented in Fig. 9, has been used for fitting
the experimental Z” vs. Z’ plots. In this circuit, R, is the
cell resistance, including the resistances of the bulk
DLCE film and the bulk electrolyte solution; CPE; is the
constant phase element related to the constant 4, and «;
(i.e. with capacitance C if «; = 1.0) corresponding to the
elements (i.e. potential drops) which are located outside
the semiconductor (e.g. to the various surface films and
Helmholtz layer capacitance of the rough energetically
and geometrically inhomogeneous surface of the DLCE,
characterized by the fractional exponent «;). In our case,
CPE, is the frequency-independent element with the
constant phase angle (characterized by 4, and o) that
describes the relaxation process occurring on the elec-
trode surface and/or in the space charge region; R, is the
resistance characterizing the charge transfer process at
the (internal) electrode surface regions, i.e. the resistance
of the intercalation process of cations (Na " and/or H™"
ions); R, is the parallel resistance for the “true” faradaic
or partial charge transfer process at the macroscopically
flat DLCE|solution interface. Analysis of the complex
plane plots (Figs. 5, 6, 7) shows that the DLCE|xM
NaF + H-O interface can be simulated with a good ac-
curacy (7> < 7x10* and A% < 0.05) (Fig. 12a) using the
equivalent circuit IIT presented in Fig. 9. The parameters
obtained from the fitting of the Z” vs. Z’ plots of the
DLCE|xM NaF + H,O interface are given in Fig. 12b
and c. According to these data, there is a noticeable
dependence of R; and R, on the electrolyte concentra-
tion (Fig. 12b), as well as, for the more dilute electrolyte
solutions, on the electrode potential. R; and R, increase
noticeably with dilution of the electrolyte, but the values
of Ry are two orders higher than the R, values. The very
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Fig. 11 a Experimental Z” vs. @ 3500
Z’ plots (points) for the
DLCE|0.01 M NaF + H,0 in- 3000
terface and calculated curves
(lines) according to the equiva- 2500 | 2
lent circuit II in Fig. 9 (where N
CPE, and R, are the constant € 2000 -
. o
phase element and resistance, a
corresponding to the high-fre- = 1500 -
quency region, and CPE, and f\.‘
R, characterize the low-fre- 1
quency behavior of the system) 1000 r
at electrode potentials (V) of
—0.4(/)and 0.2 (2). b A; and 4, 500 |
and ¢ and R; (5-7) and R, (I-4)
versus electrode potential plots 0 . : .
for the DLCE|xM NaF + H,0 0 1000 2000 3000
interface with the following . 2
values of x for b: 0.001 (1), 700 Z'/Qem
0.002 (2), 0.003 (3), 0.01 (4), b C 15000
0.05 (5) and 0.1 (6); and for ¢:
0.01 (1), 0.003 (2), 0.002 (3),
0.001 (4), 0.1 (), 0.05 (6) and 600
0.01 (7) 12500
7
500
R 10000 -
£
2 S /
3
& 400 R
L = L
5 D & 7500 6
< 300 g « } {
5000 | /
200 }
2500 t
100 4 234

0.1 0.6
E IV vs Ag|AgCI

high R; values indicate that the influence of the parallel
resistance R, (i.e. resistance of charge transfer or partial
charge transfer on the macroscopically flat surface) is
not important and, to a first very rough approximation,
R; can be neglected in circuit III in Fig. 9. The no-
ticeably lower values of o, compared with o5, probably
indicate the influence of the geometrical surface
roughness and therefore the surface energetic inhomo-
geneity [i.e. dependence of the zero charge potential on
various surface regions with different electronic states
(sp’ or sp? hybridization)] on the electrical double layer
characteristics [i.e. interfacial Helmholtz and diffuse
layer characteristics (capacitance, charge density), and
capacitance and resistance parameters of various sur-
face films, etc.] for the DLCE|xM NaF + H,O interface.
The small decrease of «; with increasingly negative
polarization can be explained by the increase of the rate
of the faradaic (or partial charge transfer) reaction. The
constant A4, related to CPE, clearly depends on the

0.0 0.5
E /V vs Ag|AgCI

electrolyte concentration and for a enap25x1072 M
solution 4, somewhat increases with the increase of the
negative polarization of the DLCE. The values of 4,
related to CPE,, are noticeably higher compared with
the values of 4,, but the dependence of A4; on cnuF 1S
more pronounced and, thus, the Helmholtz layer
capacitance and/or capacitance of the surface films
clearly depend on the surface charge density. This result
is in good agreement with the lower values of a; (i.e. the
fractional exponent of the Helmholtz layer and/or
surface films) and its decrease with the increase of
negative polarization. Thus, with the increase of the
negative surface charge density, the deviation of the
DLCE|xM NaF + H,O0 interface from the “flat” nearly
ideally polarizable interface increases. Comparison of
the values of 4| with 4, and R; with R, obtained using
the equivalent circuits II and III shows that the influ-
ence of the resistance R; in circuit III on the other
parameters obtained is very small at 0.1<E<1.1V



Fig. 12 a Experimental Z” vs.
Z’ plots (points) for the
DLCE|0.01 M NaF + H,0 in-
terface and curves calculated
according to the equivalent cir-
cuit III (lines) at the following
electrode potentials (V): 0.3 (1)
and —0.3 (2). b R; and R, ¢ o
and o, and d 4, and A4, vs.
electrode potential plots for the
DLCE|xM NaF + H,O0 inter-
face with the following values of
x: 0.001 (1), 0.002 (2), 0.003 (3),
0.01 (4), 0.05 (5) and 0.1 (6)
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(because of the very high parallel resistance values) and A4, A, o, o, and R, values obtained using circuits II
therefore this equivalent circuit III can be simplified by and III gives some evidence that the values are quite
neglecting the R, value. A good agreement between the realistic.
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Fig. 13 a Experimental Z” vs. Z’ plots for the DLCE|0.01 M
NaF + H,O interface (points) and curves (solid lines) calculated
according to the equivalent circuit IV (in Fig. 9) at the following
electrode potentials (V): 0.3 (/) and —0.3 (2). b C; vs. E curves [at
the following values of x: 0.001 (7), 0.002 (2), 0.01 (3), 0.05 (4) and
0.1 (9)], ¢ C, versus E plots [x: 0.003 (1), 0.05 (2) and 0.1 (3)], d C;
vs. E curves [x: 0.001 (1), 0.003 (2), 0.01 (3), 0.05 (4) and 0.1 ()], e
R3 vs. E curves [x: 0.001 (1), 0.003 (2), 0.05 (3) and 0.1 (4)], and f R,
vs. E plots [x: 0.003 (1), 0.01 (2), 0.05 (3) and 0.1 (4)] for the
DLCE|xM NaF + H,O interface

It should be noted that the excellent agreement
between the simulations and the experimental data
(4> <3x10* and A” < 0.03) for the DLCE|xM NaF +
H,O interface has been established if circuit IV in Fig. 9
is used, in which the charge transfer and double layer
charging at the surface, the intercalation of Na® or H™
ions and solid phase diffusion inside the nanoparticle
(i.e. in the nearly spherical particle; see AFM data in
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Fig. 3), as well as the effect of an insulating film at the
surface (i.e. surrounding of the nanoparticles), have been
taken into account [48, 49]. In this circuit, R, is the
series resistance, including the resistance of the bulk
diamond film and bulk electrolyte solution; C; is the
capacitance of the surface film, developed on the surface
of the DLCE and described as a simple dielectric by
Eq. 5:

C) = echy! (5)

where €; is the permittivity and /¢ is the thickness of a
diamond-like carbon film with resistance R3. According
to the results of the simulations, the capacitance of this
film is comparatively small, but if the film is a dielectric,
it is possible to separate the charge across it. Only at a
very high frequency will there be a significant current
flowing due to separation of charges across the film,



resulting in “shorting” the resistance of the film [49]. C,
is the so-called interfacial (i.e. double layer) capacitance,
which is caused by charging and discharging the elec-
trical double layer at the internal surfaces of the rough
electrodes; R, is the partial charge transfer or “true”
faradaic reaction resistance of the film; C; is the ad-
sorption capacitance; Zy is the Warburg-like diffusional
impedance, simulated using the Frumkin-Melik-Gai-
kazyan semi-infinite diffusion model (ow =0.5) [57, 58]
or by the generalized finite length Warburg short circuit
model [55, 56].

The results of the simulations given in Fig. 13b—d
indicate that the surface film capacitance C; is small in
comparison with the “true” double layer capacitance C,
and adsorption capacitance C3. The high values of C;
and C; are caused mainly by the very rough internal
surface structure of the DLCE as well as by the weak
adsorption of Na™ ions, increasing with the increase of
the negative surface charge density of the DLCE surface
(Fig. 13c and d). The resistance of the surface film, R
(Fig. 13e), is smaller than corresponding values estab-
lished by Meyers et al. [49] and therefore the conduc-
tivity of the surface films is higher. The partial charge
transfer or ““true ” faradaic process resistance R, values
are larger (Fig. 13f) compared with the results of
Meyers et al. [49], and therefore the rate of the probable
intercalation process of H" or Na " ions into the DLCE
is smaller. The fitting results for the DLCE|xM
NaF + H,O interface show that the so-called external
impedance Z.,, obtained by the parallel combination of
external resistance R, and capacitance C,, circuit
elements [49], has to be replaced by the Warburg-like
diffusional impedance Zw, calculated according to
Eq. 4. The fitting data show that the diffusional resis-
tance Rp (Fig. 14a) decreases with the increase of elec-
trolyte concentration as well as of the negative
polarization. The values of the fractional exponent oy
in Eq. 4 are very close to 0.5 (Fig. 14b) and, to a first
approximation, the classical semi-infinite diffusion layer
model seems to be applicable for the DLCE|xM
NaF + H,O interface.

Conclusions

The cyclic voltammetry and impedance data for the
DLCE|xM NaF + H,O interface show that this system is
nearly ideally polarizable in the potential region
—0.4<E<1.1V [vs. AgCl[Ag (sat. KCI in H,0)]. The
root-mean-square roughness is R,>81 A (established
by AFM) and the medium size of a DLCE particle is
about 0.1 um. The shape of complex plane plots depends
on the electrode potential and noticeably on the elec-
trolyte concentration. The non-linear least squares fit-
ting method of the experimental data shows that various
equivalent circuits can be used for fitting the experi-
mental complex plane plots, but an excellent fit has been
established using a circuit combining the total resistance
R, of the electrode system, including the resistance of
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Fig. 14 a Rp vs. E plots [x: 0.001 (/), 0.003 (2), 0.05 (3) and 0.1 (4)]
and b oy vs. E plots [x: 0.001 (1), 0.003 (2), 0.01 (3), 0.05 (4) and 0.1
(5)] for the DLCE|xM NaF + H,O interface

the bulk diamond film and bulk electrolyte solution, the
capacitance C; and the resistance Rj3 of the surface film,
developed on the surface of the DLCE, the so-called
interfacial (i.e. double layer) capacitance C, (caused by
the charging and discharging of the electrical double
layer at the internal surface of DLCE), the partial or
“true” faradaic reaction resistance of the film R,, the
adsorption capacitance C; and the Warburg diffusion
impedance Z.

The distributed nature of the impedance (at low fre-
quency) results in just an engagement of the available
surface area. Rather than passing current through only a
single particle, current passes through all of the particles
in the rough or porous electrode without any noticeable
additional ohmic drop. The ohmic drop in the solution
phase (for the systems simulated) greatly affects the
overall impedance of the rough (porous) electrode, in-
creasing its magnitude and decreasing its phase angle
(Figs. 5, 6, 7) [10, 11, 48, 49]. It is clear that the breadth
of the particle-size distribution affects the solid-phase
diffusion impedance, except in its high-frequency limit.
The low-frequency limit yields no useful information
about the diffusion coefficient in the solid unless the
particle-size distribution is well known [49].
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