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ABSTRACT

The deconvolution of the cyclic voltammograms (CVs) using
an asymmetric double sigmoid function was tested in the
hydrogen region of amodel platinum-black electrode to extract
and quantitatively evaluate the peaks’ information. CVs
were recorded in TM HCIO, solution, at T = 298 K, for three
different values of the minimum scanning potential near the
electrode equilibrium potential. The fine structure of CVs is
determined by the hydrogen evolution reaction (HER/
adsorption) and the hydrogen oxidation reaction (HOR/
desorption) that take place at the surface's strong(s) and
weak(w) adsorption sites. HER occurs mainly on the w-sites,
whose  equivalent  surface area makes up the
electrochemical active surface area (EASA), while that
corresponding to the s-sites is inactive. The surface area
calculated from the charges of CVs curves yields the
electrode’s total surface area with overestimated values
of about 30% compared with EASA. In principle, the
efficiency of the HER/HOR could be improved by diminishing
the density of the strong adsorption sites and/or increasing
that of the weak adsorption sites

Keywords: Pt-black, H-region, Cyclic voltammograms,
Asymmetric double sigmoid function, Deconvolution, HER/
HOR

INTRODUCTION

The cyclic voltammograms (CVs) in the H-region of the
Pt-black electrodes in an acid medium are shaped by the
partial overlapping of two current peaks generated by one
single electrode reaction, H*(agq) + e = Pt-H*, (H* are the
adsorbed hydrogen atoms on the electrode surface). On
scanning the potential, this reaction successively occurs by
different virtual groups of adsorption sites with similar
structural features, having the same level of surface free
energy [1]. The peaks are related to the specific structure of
the electrode surface, and the adsorbed H-atoms act as a
probe that can highlight this in situ. This correlation has been
successfully used on the anodic branch of CVs to
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characterize polycrystalline or single-crystal Pt electrodes [2-
4].

In the case of Pt-black electrodes, the overlapped peaks
hidden in the voltammograms contain basic information on
the overall surface structure and the effect on the dynamics
of hydrogen evolution- (HER) or hydrogen oxidation- (HOR)
reactions. The revealing of this information can suggest
actions on the surface structure that would enhance its
catalytic features. Thisis animportantissuein the technologies
where HER/HOR plays an essential role: the proton exchange
membrane electrolyzers and the fuel cells [5,6], and the nano-
structured surface electrodes [7,8]. To access the component
peaks of the CVs and extract these details, the deconvolution
of their cathodic and the anodic branches using an
asymmetric double sigmoid (ADSig) function was tested on
model platinum-black electrodes. The function is adapted
to the voltammetric application and is used with a general
program for nonlinear fitting [9]. It includes five adjustable
mathematical and electrochemical parameters that enable a
quantitative approach to the peak separation on the whole
CV signal. The ADSigCV function and its use are discussed in
Appendix A and Appendix B. The first attempt to separate
the peaks in the H region of Pt-black electrodes was made
on the anodic branch of CV with a geometrical model (“a
simple triangle approximation”) [10,11]. Using a mathematic
model and the digital processing of the experimental CV data
improved the procedure further [12]. However, separating the
peaks from the voltammograms or the polarograms [13,14]
remains laborious, implying a time-consuming activity. This
makes it challenging to implement as a routine procedure
in voltammetric applications. The nonlinear curve fitting has
proved to be a way to overcome these hindrances in the case
of electro-analysis [15] and the Pt electrodes [16-18]. The
procedure compares the experimental voltammetric current,
le(x), with the calculated current, Ic=3yi(x; pi), expressed as
the sum of the peak functions, yi(x; pi), containing a set of pi
parameters; x is the electrode potential. The peak functions
are modeled by adjusting the pi-values to generate the
curve that best fits the CV data set. Appropriate software
automatically performs this operation with iterative nonlinear
regression [19-21]. The literature provides several empirical
peak functions for constructing the best-fitting curves, mainly
referring to the bell-shaped (symmetric) signals and only a
few to the asymmetric ones [9]. Hence, these functions cannot
be used in the H-region of the CVs of the Pt-black electrodes
where the component peaks exhibit asymmetrical shapes.

Moreover, the mathematical expressions of these peak
functions are cumbersome, and the adjustable parameters
are the geometrical characteristics of the peaks [21] that can
hardly be correlated with the physical features of the electrode
reaction or predicted in advance.

Experimental

Complete CVs were recorded at three different values of
the minimum scanned potential, around the equilibrium
potential, Ein = -0.027 V, -0.017 V, and +0.005 V, and the
maximum value, E.« = 1.51 V at a scan rate of 10 mV s'. The
CVs always started from the resting potential of the Pt-black
electrodes, running in the cathodic direction, then reversing
the scanning at Emin, and finally halting in the cathodic
region at 0.5 V after the completion of the anodic cycle.
The CVs were twice recorded for each value of Emin. The
measurements were carried out in a solution of TM HCIO,
at 298K
electrodes cell. The working electrode was a Pt disk of 1.5

(Merck analytical grade purity) in a three-
cm in diameter attached to a Pt wire embedded in a thin
silicon coating; the exposed geometrical surface area was 3.6
cm?. The Pt-black was galvanostatically deposited in a 2%
H,PtClg (Sigma-Aldrich) solution at 600 mA for 60 s and
stabilized by five CV cycles at 20 mV s'. Before deposition, the
Pt disk was abraded with fine Al,O; powder and cleaned in an
ultrasonic bath with laboratory-grade water Il (Sigma-
Aldrich). The counter electrode was a Pt wire, and the
reference electrode was a hydrogen electrode (RHE) placed
in a separate tube within the cell, with the Luggin capillary
the
homemade galvanostat-potentiostat, compliant with the

top near surface of the working electrode. A

standard requirements for small-scale electrochemical
equipment, was used: voltage range £10V, current range

+1A, sampling interval 102 s [22].

RESULTS AND DISCUSSION
HER/HOR Voltammograms

The hydrogen region of the voltammograms of the Pt-black
electrodes below 0.5 V corresponds to the hydrogen evolution
reaction (HER, the negative branch) and the hydrogen
oxidation reaction (HOR, the positive branch). These segments
of the CVs are shown in Figure 1: curve | (Emin= -0.027 V),
curve Il (Emin= -0.017 V), and curve Ill (Emin= +0.005 V). The
cathodic branches of the voltammograms practically overlap
and exhibit two discharging peaks at 0.3 V (c1) and 0.1 V (c2).
These correspond to strongly and weakly adsorbed H [2]. The

anodic branches of the voltammograms, curve | and I, exhibit
three H-ionization peaks: a small peak well below 0.1 V (a3), a
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well-defined peak at 0.15 V (a2), and a poorly resolved peak
at 0.34 V (a1). The relative positions of the peaks on curve llI
are like those on curves | and Il but shifted on the potential
axis by about 30 mV towards the positive values. The peaks
a2 and a1l are attributed to the ionization of the weakly H*w -
and strongly H*s -adsorbed hydrogen [9,10], while the peak a3
is still unidentified. The total surface area TSA calculated
with the anodic charge Qva was TSA = 586+5 cm? (0.21 mC
=1cm?[23]).

The Deconvolution of HER/HOR Voltammograms

The fine structure of CVs displayed in Figure 2A was revealed
by deconvolution of the experimental data set with the Fityk
peak fitting software [9] and the ADSigCV function, Eq. (1A),
Appendix A.The function processes five adjustable parameters
to get the curve that best fits the raw data and is appropriate
for multiple current peak data with asymmetric shapes [13].
The operation details are given in Appendix B.
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Figure 1: The H-region of CVs recorded by different values of the minimum scanning potential, Eqy,.

Qva and Qvc are the average charge values for the anodic and cathodic curves.

HER

The best fitting curves to the CVs of the hydrogen

Figure 2A for the three
-0.027 V; llc: E_, = -0.017 V and
llc: E = +0.005 V). The symbols (-0-) are the experimental
data, the black lines are the best-fitting of Eq.1A (Appendix A)
to the data, and the curves c1, 2, and c3 are the components

region shown in

voltammograms (Ic: E =
min

are

of the best-fitting curves.-The fine structure of the cathodic
branches is practically identical for all three cases and
consists of two closed curves, Cyr and C, with the average

peak potential E_,(av) = (0.300 + 0.003) V and E_,(av) = (0.097
+0.002) V, and the open curve c3.

The HER starts by simultaneously discharging the H* - ions at

the strong adsorption sites (curve ¢,) and the weak adsorption

sites (curve c2), but they develop differently. The
discharging at the strong adsorption sites terminates at
the

decays

reversible hydrogen potential, and the current

towards zero value, curves c1, Figure 2A.

Consequently, the HER stops at the strong adsorption sites
but continues at the weak adsorption sites [24]. Hence, the
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equivalent surface area, corresponding to the fraction of
weak adsorption sites, constitutes the actual electrochemical
active surface area (EASA). The remaining equivalent surface
area is inactive. Naturally, the EASA value is smaller than the
total surface area (TSA) calculated from the charge of the
whole voltammetric curve. The open curve c3 corresponds to
a new H* discharging reaction starting at about 0.2V
(coverage Ow~30% of the weak adsorption sites). Running
reactions

simultaneously of two H* ion discharging

necessary implies two different types of sites Figure 2B. In

this case, the free adsorption sites (Volmer step, c2 -->) and
the occupied adsorption sites, on the weakly adsorbed H*w
- atoms (Heyrovsky step, c3 -->). Hence, HER occurs by the
Volmer—Heyrovsky mechanism with the electron transfer
directly to the solvated proton Hf(aq), according to the
reaction H*(aq) + e+ Hw* ----> (H_*) --a-->H, (gas) [25,26]. The
interrupted arrow (--a-->) suggests that the weakly adsorbed
hydrogen is firmly attached to the electrode surface regardless
of whether the evolution takes place and can be identified
on the anodic branches of HOR by the peaks a3.
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Figure 2: The fine structure of the CVs (A): (--> marks Emin), and the corresponding elementary steps in (B). ai and ci are the
anodic and the cathodic components. The dots are the experimental data, the overlapping black lines are the best-fitting
curves, and f is the coverage fraction of components in the anodic branch. Hs* is the strongly-, Hw* is the weakly-adsorbed
species, and H,* represents the weakly-adsorbed molecules.
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HOR

The best fitting to the HOR data is shown in Figure 2A (la, E. .=
0.027V; lla, E_, =-0,017V and llla, E ,=1+0.005V) for the three
voltammograms. The dots are the experimental data, and the
overlapping black lines are the best-fitting curves of Eq.(1A),
Appendix. A. The components of the best-fitting curves are a3,
a2,andal.

T The fine structure of the anodic branches exhibits three
skewed peaks with the average peak potential values E_, =
(0.048+0.013)V, E_,=(0.155+0.007) V,and E_, = (0.332 + 0.01)
V.The voltammetric current arises from overlapping the peaks
generated by ionizing the H-atoms (Volmer step), belonging
to three adsorption states. The peaks a2 and a1 are ascribed
to the weakly and strongly adsorbed hydrogen atoms, and
the peak a3 to weakly adsorbed pairs of hydrogen atoms or
molecular hydrogen (Figure 2B). The peak a3 corresponds to
a bound state on the weak adsorption sites and shares their
occupancy with the weakly adsorbed H*w - atoms (peaks
a2). This results from the balance of the coverage fraction
f shown in Figure 2A (f is the fraction of the total number of
adsorption sites covered by every single component of the
anodic branch). By decreasing E,, (-—>in the figure) towards
negative values, moving from llla to la, the f-values of a3
increase at the expense of a2 from 0.44 to 0.54, but their sum
remains constant for all three cases (f-blue+f-red = 0.8). This
detail is relevant and shows that the components a3
originated on the electrode surface from the weakly
adsorbed H*w in a definite quantitative relationship and not
randomly by the fluctuation of H, concentration in the
adjacent solution layer [10].

CONCLUSION

1. ADSigCV-function embedded in a general program for peak

fitting enables separation and quantitative analysis of CV
component peaks.

2. The structure of the Pt-black catalyst is composed of 80%
weak adsorption sites, which are active in the HER, while the
remaining are passive. The fraction of weak adsorption sites
constitutes the actual electrochemical active surface area
(EASA)

3. The Volmer-Heyrovsky mechanism determines the HER
dynamic, which starts at positive potential by UP hydrogen
deposition.

Acknowledge: Thanks to Prof. Emeritus Rolf Berger for
valuable comments related to the manuscript.

Appendix A

ADSIigCV: The peak current function vyi is defined by the
asymmetric double sigmoid function adapted to the
voltammetric applications ADSigCV, eq(1A) [16,17]. This
function uses five adjustable parameters (a,b,c,d,e) and is
constructed as a product of two sigmoids [27]: the regular(up)-
sigmoid, y1, and the inverted(down)-sigmoid, y2, (the
enclosed figure)

yi = (a/(1+exp(-bk(x-c))(1-1/(1+exp(-dk(x-e)))) (1A)

a = the maximum amplitude of the up sigmoid; b, d = the
slope of the tangents at the inflection point (electrochemical
parameters); k = nF/2.303RT, n = the stochiometric numbers
of electrons per adsorption site involved in the electrode
reaction); ¢, e = the abscissa at the inflection point, k = 16.91
V-1 by T=298K, x = potential (V). The parameters optimization
with the Fityk program [9] returns the peak yi displayed on the
graph. The peak potential, Ep, and the peak current, Ip, can be
estimated directly on this, while the peak charge, Qp, can be
calculated by numerical integration of the peak (Appendix B).
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—— y1=a/(1+exp(-bk(x-c)))
— y2=1-1/(1+exp(-dk(x-e)))

=

0.2 03 04 05

X(V)vs. RHE

OBS: The calculated peak yi corresponds to the peak a3 displayed in figure 2, la.

The peak functions used in the fitting programs are empirical
mathematic formulas [18] that formally describe the bell-
shaped curves but have no connection with the physical
model envisaged in the study. Additionally, the features of the
separated peaks sensibly depend on the type of mathematical
formula, which makes the quantitative analysis of the
deconvoluted peaks irrelevant. The ADSigCV function can be
considered a generalized algebraic expression of the physical
model calculated on the electrochemical kinetics principles
[12]. The scientific form of Eq.(1A) is

o a ~ 1
= [1+ &xp{—bk{x — c]}][l 1+ &xp(—dk{x — Er]} (

and becomes eq.(2A) when using three adjustable parameters,

1A))

namely d=b and e=c:

_ alexp[—bk(x —cl])
[1+ exp(—bk(x - c]}]: 2A)

Eg. (2A) has an identical structure to the physical model
function calculated in [12], which ensures the reliability of the
quantitative analysis of the deconvolution data.

Appendix B
ACTION (How to build the operation program)

1). Download Fityk-1.3.1-setup.exe from the web (free) and
install it

2). Add User-Definition Function (UDF): Session(tb)/New

Script/Blank Fityk Script. Copy and paste in the unnamed
window the sequence (for T=298K): define ADSigCV(a=height,
b, c=center, d, e=center) = (a/(1+exp(-b*16.91*(x-c))))*(1-1/
(T+exp(-d*16.91*(x-€))))

3). Save as(#b): ADSigCV.fit
FITTING PROTOCOL *) (How to use the operation program)

1). Functions(tb)/Function Type/ADSigCV (on the bottom of
the list)

2). Load the file with the data points set: Data(tb)/Quick Load
File/name.txt

3).
Mode(#b), mark the level of the capacity charging current,
Strip background(#b)

Visual baseline correction (if applicable): Baseline

4). Initial guess (mouse pointer): mark (approximately) the
position of every peak on the data point curve ---> Add-Peak
Mode(#b)/Initial value: b=1, OK; d=1, OK.

5). Unlock parameters b and d: functions(sb)/Name: 1,2,3 -
>Star fitting(#b)

6). Repeat fitting with shape constraint on the long side of
each peak: functions(sb)/Name_1: d=1, freeze; Name_2: d=1,
freeze; Name_3: b=1, freeze. Start fitting(#b).

7). Session(tb)/Save session/name.fit
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CALCULATION OF PEAK CHARGE FOR THE ANODIC
BRANCH

1).Data(tb)/Export Points/Step 1: Select columns: x, y, all
component functions, OK/save/name.dat 2). Data(tb)Load
File/name.dat; Select columns: x=1; y=2-6 /Open in the
new slot (for each value of y)/Close 3).Choose: Data(sb)/
No. (2-6), Data(tb)/Transformation/Integrate (for each item
successively); Data(tb)/Table: choose the constant initial
yi and final yf values, calculate the charge Q=(yf - yi)100 mC

OBS: (tb)=toolbar; (sb)=sidebar; (#b)=symbol button.

Valid with positive values of the dependent variable. The
data of the cathodic branch, Ic<zero, must be adapted for
processing, Ic*(-1).
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