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Abstract

Electrochemistry - mass spectrometry is a ver-
satile and reliable tool to study interfacial re-
action rates of faradaic processes with high
temporal resolution. However, measured mass
spectrometric signals typically do not directly
correspond to the partial current density to-
wards the analyte due to mass transport effects.
Here we introduce a mathematical framework,
grounded on a mass transport model, to obtain
a quantitative and truly dynamic partial cur-
rent density from a measured mass spectrome-
ter signal by means of deconvolution. Further,
it is shown that the time resolution of electro-
chemistry - mass spectrometry is limited by en-
tropy driven processes during mass transport
to the mass spectrometer. The methodology is
validated by comparing measured impulse re-
sponses of the hydrogen and oxygen evolution
to the model predictions and subsequently ap-
plied to uncover dynamic phenomena during
hydrogen and oxygen evolution in acidic elec-
trolyte.

Introduction

Electrochemistry - mass spectrometry (EC-MS)
was pioneered by Bruckenstein and Gadde! and
has since its further development in the 1980s?

matured into a highly versatile and reliable
tool to study electrochemical reactions, ranging
from CO/CO, reduction,®?* water splitting,>”
hydrocarbon oxidation®? and metal dissolu-
tion!'® to non-aqueous chemistries such as elec-
trolyte and cathode decomposition reactions
relevant for Li-ion batteries.!''* Recent iter-
ations of EC-MS are able to reach impressive
temporal resolution,'® " which makes it pos-
sible to study the dynamic behaviour of elec-
trochemical reactions. This ability is particu-
larly important for studying deactivation mech-
anisms or the effect of load variations, both
relevant for practical applications, as well as
for more fundamental aspects such as mecha-
nism discrimination or transient activity mea-
surements. Moreover, in contrast to ex-situ
quantification methods such as chromatogra-
phy or colorimetric reactions, a high temporal
resolution EC-MS experiment enables rapid ac-
tivity assessment of a given catalyst. This has
the potential to significantly speed-up the de-
velopment of new catalysts and interfaces for
electrochemical energy conversion devices ur-
gently needed for a transition towards a more
sustainable energy system.!'® The fundamental
quantity of interest in EC-MS is the interfa-
cial reaction rate or partial current density to-
wards a given product, whether gaseous, liquid
or in ionic form. This partial current cannot
be obtained by a simple electrochemical mea-



surement as unknown side reactions as well as
capacitive and pseudo-capacitive processes also
contribute to the total measured current. It
has been shown that even for apparently sim-
ple reactions such as hydrogen and oxygen evo-
lution, the measured current doesn’t necessar-
ily correspond to the partial current towards
the given product and it is therefore neces-
sary to independently quantify reaction prod-
ucts. In this regard, mass spectrometry sets
itself apart from other quantitative analytical
techniques used in electrochemical research, in
that it can measure a continuous flux of ions hit-
ting the detector. However, only under (quasi)-
steady-state conditions is the partial current
density proportional to the flux measured by
the mass spectrometer. Decreasing the time un-
til a steady-state is reached, often termed the
time-response, while maintaining a high collec-
tion efficiency of the analyte, has therefore be-
come a paramount design criterion for EC-MS
experiments. 151920 While a further reduction of
the time response of EC-MS experiments is lim-
ited by practical considerations, such as mass
transport of reactants to the electrode or the
uncompensated resistance of the electrochem-
ical cell, the goal of this paper is to layout
and verify a general mathematical procedure to
back-calculate the partial current density from
a measured mass spectrometer signal under dy-
namic conditions. The ability to obtain truly
dynamic EC-MS measurements is then demon-
strated for hydrogen and oxygen evolution on
platinum electrodes in acidic electrolyte and the
effect of transient oxide growth on oxygen evo-
lution activity is for the first time investigated
under dynamic operating conditions.

Experimental

All data treatment is carried out using the
open-source Python libaries numpy,?t scipy
and mpmath and the developed methodology is
implemented in the open-source izdat python
package.  The underlying differential equa-
tions are derived and solved analytically as de-
scribed in detail in the Supporting Informa-
tion. The inverse Laplace transform is calcu-

lated numerically using the Talbot method as
implemented in the mpmath package and de-
convolution is carried out by Wiener decon-
volution whereby the discrete fourier trans-
forms are calculated by the Fast Fourier Trans-
form algorithm as implemented in numpy. The
Python scripts and the raw-data to repro-
duce the presented plots are made available
here github.com /kkrempl/Dynamic-Interfacial-
Reaction-Rates.

The experiments were carried out with a com-
mercially available microchip-based EC-MS in-
strument (Spectrolnlets ApS, Denmark) with
a stagnant electrolyte cell, which is described
in detail by Trimarco et al.'6 Unless otherwise
stated, helium (6.0, Air Liquide) was used as an
auxiliary gas. For the electrochemical experi-
ments 0.1 M HCIO, was prepared from HCIO,
(70 %, Suprapur, Merck KG) and ultra pure
water (Millipore). The platinum disk working
electrode (99.95 %, MaTek) was polished with
diamond paste (0.25um, Struers GmbH) on a
micro-polishing cloth and subsequently rinsed
and sonicated once in ethanol and once in ul-
tra pure water before being flame annealed. A
leak-less Ag/AgCl reference electrode (Innova-
tive Instruments Inc.) together with a Pt-wire
(99.99 %, Goodfellow) counter electrode sepa-
rated by a ceramic frit was used. The ref-
erence electrode was calibrated against a re-
versible hydrogen electrode in a separate elec-
trochemical cell by measuring the open-circuit
voltage of a Pt wire in hydrogen saturated 0.1 M
HCIO, electrolyte after a reductive pretreat-
ment. If not stated otherwise, all stated po-
tentials refer to the potential versus the re-
versible hydrogen electrode. Before initiating
the galvanic and potential step experiments as
well as the impulse response measurements, the
Pt electrode was cycled between 0.0 Vgyg and
1.5 Vgryg until a steady-state voltammogram
(Figure S1) was obtained. Calibration was
carried out before each measurement. There-
fore, the hydrogen signal in the mass spec-
trometer was calibrated by galvanostatic mea-
surements at —0.05mA cm~2, —0.10 mA cm 2
and —0.15mA cm~2. Before the oxygen cali-
bration, a galvanostatic anodization treatment
at 0.15mA cm™2 was carried out for at least



ten minutes until a steady state oxygen sig-
nal was reached. This ensures a 100% faradaic
efficiency and avoids any charge lost to sur-
face oxidation. Thereafter, the calibration was
carried out galvanostatically at 0.15mA cm™2,
0.10mA cm~2 and 0.05mA cm™2. Impulse re-
sponse measurements were carried out by ap-
plying a reductive impulse at -0.5 Vrug between
10 ms and 100 ms during a galvanostatic hold at
—0.10mA cm~2 for hydrogen and by applying a
oxidative impulse at 2 Vgyyg between 20 ms and
200 ms during a potentiostatic hold at 1.4 Vgyyug.
The ionization energy of the mass spectrom-
eter (PrismaPro, Pfeiffer GmbH) was set to
70eV and the voltage at the secondary elec-
tron multiplier (SEM) detector was set to
1200 V. For hydrogen detection the dwell time
at m/z=2 was set to 68 ms with a 32 ms lead-in
time, resulting in a 10 Hz sampling frequency.
On the other hand, oxygen at m/z=32 was mea-
sured with a dwell-time of 128 ms and 32ms
lead-in time to achieve a reasonable signal-to-
noise ratio at a sampling frequency of 6.6 Hz.

Results and Discussion

Mathematical framework

The mathematical relation between the par-
tial current density and the measured mass
spectrometer signal in general depends on the
non-steady-state mass transport of the analyte
between the electrode-electrolyte interface and
the detector of the mass spectrometer. This in-
cludes convective-diffusive mass transport un-
der the ambient conditions inside the electro-
chemical cell together with molecular flow un-
der UHV conditions. While the detailed deriva-
tion, non-dimensionalization and analytical so-
lution of the governing differential equations
can be found in the Supporting Information,
the following section outlines the general math-
ematical framework of how to obtain a partial
current density from a calibrated mass spec-
trometer signal.

The mass transport in the stagnant thin-layer
electrochemical cell is described by Fick’s law of
diffusion and was presented earlier by Trimarco
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Figure 1: Schematic diagram (not to scale) of
the mass transport of the analyte ¢ produced
with a molar flux n;(t) or partial current den-
sity J;(t) at the electrode surface at « = L. For
detailed derivation and non-dimensionalization
of the governing differential equations see Sup-
porting Information.

et al.'® Thereby, the assumption is made that
the analyte does not interact chemically with
the electrolyte. An exeption to this is for exam-
ple CO,, which is in equilibrium with H,O to
form carbonic acid.?? As boundary conditions
a time dependant flux at the electrode n;(t) is
chosen to represent the partial current density
J;(t) towards a given analyte, and Henry’s law,
with the dimensionless Henry volatility kg, is
applied at the gas-liquid interface between the
electrolyte and the nano-sized gas sampling vol-
ume inside the microchip at = 0. Instead
of using the full convection-diffusion equation
to describe the mass transport in the gas sam-
pling volume, the transport can be simplified
by assuming a ideally mixed gas due to the fast
gas phase diffusion of the analyte. After non-
dimensionalization, the following system of cou-
pled differential equations is obtained

0e; 0%,

ot 02
¢y, s
0f la=1 ni(t) )
1,
¢i(2=0)= k;_cgz (3)
H



dcg ¢
— = =K
dt 0% la=0
Here, ¢, ; and ¢;; are the dimensionless concen-
tration of the analyte 7 in the gas and liquid re-
spectively, & corresponds to the dimensionless
distance from the electrode, whereby & = 0 is
the liquid-gas interface, and  is the dimension-
less diffusional time-scale in the liquid. To cal-
culate the inverse of the dimensionless gas phase
residence time A, the capillary volume flow Vcap
is divided by the gas sampling volume V, and by
the characteristic diffusion time. The capillary
volume flow Vcap was in turn calculated by an
analytical expression, which was presented and
confirmed in earlier publications.?32® Finally,
the mass transport in the UHV environment
may also have significant influence on the time-
response of the EC-MS experiment because of
the limited pumping speed through the tubing
leading to the ionization unit. With this in
mind, the amount of tubing between the capil-
lary and the ionization unit was kept at a min-
imum and a wide inner diameter was chosen
to ensure high pumping speeds. By varying
the tubing length, it was shown that the mass
transport in UHV has a negligible influence on
the time-response of the system (Figure S2) as
long as the tubing is kept to a minimum. By
then solving the differential equations in Eq. 1
to 4 analytically using the Laplace transform, it
can be shown that the mass spectrometer signal
equals the convolution integral of the dimen-
sionless flux at the electrode with the impulse
response of the system h(#) (Eq. 5). Conse-
quently, the flux at the electrode, which can be
converted into a partial current density accord-
ing to Faraday’s law of electrolysis, can be ob-
tained by deconvoluting the impulse response
h(t) from a calibrated mass spectrometer sig-
nal.

Y (4)

é0(f) = /0 ThmhiE—rydr,  (5)
where h(t) = L7Y{H(3)}() and
1
k52 cosh(v/5) + v/§sinh(V3)

K

H(3) = (6)

Here £ represents the inverse Laplace trans-
form, which can be calculated numerically (see

SI). For discrete values of  as it is the case in
practical measurements, Eq. 5 can be rewritten
in matrix notation as

c=H-n (7)
with n = (ng,ny, ..np_1)7, ¢ = (co, c1y .Cn1)’
and

ho hi hy .
hm ho hl hmfl

H = hmfl hm hO hm72 s (8)
hq hy hs ho

where hifj = h(tz — tj>
n; = ’fl(%) and C; = ég<tj)

As long as the convolution matrix H is invert-
ible there is a unique solution to this problem.
However, due to the ill-conditioned nature of
deconvolution problems, small deviations in the
measured data of ¢,(f), such as noise, can lead
to large changes in the computed output.

Here t; = to + jAt,
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Figure 2: Condition number of the convolu-
tion matrix H as a function of working dis-
tance L and sampling frequency f.  The
analyte is assumed to be hydrogen (kp=52,
D=5.05x 1079m?s™") with V,,,=137nls"!
and V;=100nl. High values of the condition
number imply a low signal-to-noise ratio of the
deconvoluted partial current density.
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Figure 3: Comparison between modeled (L=150 pm, Vcap:137 nls™!, V,=100nl) and measured
impulse response for (a) hydrogen (kxy=>52, D=5.05x 107°m?s™!) and (b) oxygen (ky=33,

D=2.1x10""m?2s™1).

Figure 2 shows the condition number, defined

: (9)

as a function of working distance L and sam-
pling frequency f. A higher condition number
implies that small changes in the input lead
to larger changes in computed output or, in
other words, implies a lower signal-to-noise ra-
tio of the computed output.?® Further, as the
condition number approaches infinity the ma-
trix becomes degenerated and a unique solu-
tion cannot be obtained anymore. In a more
physical sense the non-uniqueness of the so-
lution to this inverse mass transport problem
arises from the second law of thermodynam-
ics. Since the diffusion through the electrolyte
volume and the diffusional mixing inside the
gas sampling volume are entropy driven, infor-
mation about the partial current density must
be lost in the process. This is reflected by a
rapidly increasing condition number when ap-
proaching a certain sampling frequency fi, as
displayed in Figure 2. Frequency components
of the partial current density above fj, are
therefore irreversibly lost due to the second
law of thermodynamics and cannot be recon-
structed by deconvolution. The mass transport

cond(H) = |[H| - ||[H™

Varying amounts of evolved analyte were obtained by varying the time
of the impulse up to 200 ms, which is well below

lim

between the electrode-electrolyte interface and
the mass spectrometer can therefore be thought
of as a thermodynamic low-pass filter that at-
tenuates high frequency components of the par-
tial current density. For typical values of the
mass transport parameters in the system un-
der study, fim lies above 1Hz, which has im-
portant implications when drawing conclusions
on the absence or presence of transient reac-
tion events at the electrode-electrolyte inter-
face. Even a mass spectrometer with an in-
finitely fast sampling rate and infinitely high
sensitivity would not be able to detect transient
behaviour with frequency components above
fim as the transient would be blurred by dif-
fusion. This shows, that the mass transport
between the electrode-electrolyte interface and
the UHV of the mass spectrometer is, besides
the sensitivity of the mass spectrometer, an im-
portant factor to consider when designing EC-
MS experiments studying the dynamics of elec-
trochemical reactions. Further, the presented
procedure of deconvolution as well as condition
number analysis can generally be applied to any
kind of EC-MS experiment even without a ana-
lytical mass transport model at hand since the
impulse response h(%) required to construct the



convolution matrix can also be measured exper-
imentally as described in the following section.

Experimental validation

Having demonstrated the mathematical feasi-
bility of obtaining the partial current density
from a measured mass spectrometer signal by
deconvolution, the underlying mass transport
model is validated experimentally. So far, the
impulse response h(t) was only treated theoret-
ically. However, h(t) can also be directly mea-
sured by applying a very short (¢ < ﬁ) im-
pulse of analyte production at the electrode and
measuring the corresponding mass spectrome-
ter signal. Such impulse response methods are
also commonly used in heterogeneous catalysis
research in order to measure the mass trans-
port properties or residence time distributions
of chemical reactors.?” Mathematically, a very
short impulse of analyte production at the in-
terface corresponds to 73;(f) being a delta func-
tion at t = 0. Because the integral of this
delta function in Eq. 5 is unity, the measured
mass spectrometer signal directly equates to
h(t). To validate the model, the impulse re-
sponses for hydrogen and oxygen evolution are
measured and then compared to the mass trans-
port model. The diffusion constant D; and the
dimensionless Henry volatility kg for hydrogen
and oxygen are thereby obtained from litera-
ture,?® 3" whereas the exact working distance
L is determined by fitting to the measured im-
pulse response. The accuracy of the obtained
value for the working distance L was further
confirmed by measuring the mass transport lim-
ited hydrogen oxidation current, which agrees
well with the value obtained from the impulse
response (see Supporting Information). The gas
sampling volume V} is per design 100 nl and the
capillary flow V4, (~100nls~') is determined
as described in a previous publication.® Fig-
ure 3 shows the measured area-normalized im-
pulse responses for different amounts of evolved
analyte in comparison to the model predic-
tions. The measured area-normalized impulse
responses match well with the model predic-
tions independent of the amount of evolved ana-

lyte, which is important to ensure accurate de-
convolution. The predicted impulse response
also matches well with the measured one for hy-
drogen and oxygen respectively, meaning that
the difference in molecular properties (ky, D;)
between hydrogen and oxygen is accurately cap-
tured by the model. To further substantiate
the accuracy of the model, measurements for
varying working distances L and capillary flows
Vmp are also carried out and agree well with the
model predictions (Figure S3 and S4).

Dynamic partial current densities
of hydrogen and oxygen evolution
at platinum electrodes

First, a series of hydrogen evolving galvanic
steps are carried out as displayed in Figure 4a.
Here, deconvolution of the measured mass spec-
trometer signal with the impulse response yields
an almost quantitative match between mea-
sured faradaic current (Figure 4a lower pannel)
and deconvoluted partial current density (Fig-
ure 4a upper pannel). Only during the first gal-
vanic step, a slight transient towards a steady
state is observed within the first 2s (Figure 4a
inset upper panel) indicating that not all of
the passed charge goes towards evolving hydro-
gen. This unaccounted charge can most likely
be ascribed to hydrogen underpotential deposi-
tion (H-UPD). As the experiments are not car-
ried out under hydrogen saturation, hydrogen
is evolved already at potentials positive of RHE
leading to a overlap with H-UPD?3! region.

A representative potential step from
0.35Vrge to a hydrogen evolving potential
of 0.01 Vgrygg is depicted in Figure 4b show-
ing a high initial deconvoluted partial current
density, which decays towards a steady state
value (Figure 4b upper panel). This dynamic
behaviour is also reflected in the measured cur-
rent transient (Figure 4b lower panel). The
reason for this dynamic behaviour of HER
upon a potential step can be explained by the
reversible nature of the HER/HOR couple on
platinum electrodes in acidic electrolyte leading
to Nernstian behaviour.?? In the beginning of
the potential step no hydrogen is present at the
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Figure 4: Deconvoluted partial current density in comparison to the measured MS signal of hydrogen
evolution for (a) a series of galvanic steps and (b) a potential step. Upper panels show the measured
MS signal at 2 amu together with the deconvoluted partial current density, whereas the lower panels
show the measured total current density and voltage from the potentiostat. The inset in (a) shows
the deconvoluted partial current density for hydrogen of the first (solid) and second (dotted) galvanic
step, highlighting the transient behaviour in the first step.

interface and therefore the back-reaction, HOR,
does not occur leading to a high initial HER
rate. However, as soon as hydrogen is gener-
ated at the interface, the back-reaction occurs
as well, decreasing the net-rate of hydrogen evo-
lution until a steady state is reached.3? While
hydrogen evolution is the only faradaic reaction
occurring in the previous examples, the quan-
titative aspect of the presented methodology
becomes particular important when multiple
competing reactions occur at the electrode. In
the case of oxygen evolution at Pt electrodes,
dynamic behaviour arises from the interplay
between oxygen evolution and the formation of
an insulating PtO, species according to Eq. 10.

Pt+2H,0 — PtO, +4H" +4e~  (10)

This is reflected by a transient decrease of the
total current density J;,; obtained upon a po-
tential step from a potential of 0.55 Vgypg to
an oxygen evolving potential of 1.60 Vrug (see
Figure 5a lower panel). Moreover, the evolved
oxygen cannot account for all of the measured
total current density particularly in the first 20
seconds after the potential step. Therefore, this

unaccounted current most likely goes towards
formation of the PtO, layer and the partial cur-
rent density towards PtOs Jpio, can be calcu-
lated as the difference between the measured
total current density J;,; and the deconvoluted
partial current density of oxygen Jo,. DBoth,
the oxygen evolution as well as the PtO, for-
mation rate, decrease over time. This is due
to PtO, beeing an insulator and therefore act-
ing as a tunnel barrier for the electron transfer
slowing down the faradaic reactions. Thereby,
the faradaic reaction rate decreases exponen-
tially with the thickness of the tunnel barrier
as shown theoretically and experimentally by
Schultze et al.3*3% For the potential step in Fig-
ure ba, the PtO,y thickness dpio, can be cal-
culated by assuming a 4-electron process and
PtO, having a density of ppio,=11.25gcm™? as
followed, 36

t
Jpio (T)MPtO
d t) = / 2 2dr. 11
PtOQ( ) 0 4Fth02 ( )

By plotting the PtO, thickness against the log-
arithm of the partial current density towards
oxygen Jo, as in Figure bb, the same relation-
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Figure 5: (a) The upper panel shows the deconvoluted partial current density of OER (including
the measured MS signal) and PtO, formation together with the calculated thickness of the formed
oxide during a potential step experiment. Lower panel shows the total current density and voltage
as measured by the potentiostat. (b) OER partial current density plotted against the calculted
oxide thickness during the potential step experiment displayed in a.

ship was found for the measurements carried
out in this study. Further, by extrapolating the
exponential region to zero thickness, the intrin-
sic OER activity of the PtOy surface can be
estimated. The exponential behaviour is how-
ever only observed for thicknesses above 3.5 A,
which roughly corresponds to the thickness of
one monolayer of PtO,.3% Before this thickness,
a higher activity is observed, which even ex-
ceeds the extrapolated value at zero thickness.
On the other hand, this behavior is not ob-
served for a potential step from 1.3 Vyugg to
1.6 VRug, where the Pt surface has been an-
odized prior in order to build up an oxide
layer (Figure S5). Consequently, the partially
oxygen-covered metallic platinum surface, that
only exists transiently within the first seconds
after the potential step, appears to be more
active towards OER than the PtO, surface.
This is in line with earlier theoretical studies
by Rossmeisl et al., who have found a partially
oxygen-covered metallic Pt surface to have a
high OER activity, beeing close to the top of
the activity volcano.3” This shows that a fully
dynamic, high time resolution EC-MS experi-

ment in combination with the herein developed
methodology allows insight into previously in-
accessible dynamic phenomena occurring at the
electrode-electrolyte interface.

Conclusion and Outlook

A general procedure, based on deconvolution of
mass transport effects from a calibrated mass
spectrometer signal, was introduced to obtain
dynamic partial current densities from EC-MS
experiments. For the first time, dynamic phe-
nomena occurring during hydrogen and oxygen
evolution, which have been extensively stud-
ied with electrochemical methods, are quanti-
tatively resolved from EC-MS measurements.
This extends the capabilities of EC-MS ex-
periments to a wide array of dynamic electro-
chemical methods such as potential and gal-
vanic step experiments as well as high scan-
rate cyclic voltammetry and has the potential
to speed up the development of novel cata-
lysts and interfaces for important energy con-
version reactions. The methodology is thereby
applicable to any interfacial reaction, even for



such where the educts are depleted from the
interface. For example, the dynamic interplay
between oxygen evolution and oxide growth,
which was investigated on platinum electrodes
here, may foster new insight and design crite-
ria for novel oxygen evolving electrocatalysts.
Moreover, the transient behaviour of the com-
plex COy reduction reaction during potential
step experiments can yield new insights into the
rate-determining step or the relevance of certain
intermediate species towards high-value prod-
ucts such as ethylene and ethanol.®® It has also
been shown that dynamic electrolysis yields im-
proved faradaic efficiencies for many different
electrochemical reactions.?* ! Exact knowledge
of the interfacial reaction rate during the pulses
may significantly simplify the optimization of
such strategies towards improved efficiencies.

Supporting Information

Figure S1: Steady-state cyclic voltammogram
of the Pt electrode; Equation 1-26: Derivation
of the mass transport model and deconvolu-
tion procedure; Figure S2: Influence of vacuum
mass transport on impulse response; Figure S3:
Influence of working distance on impulse re-
sponse; Figure S4: Influence of capillary flow
on impulse response; Figure S5: Potential step
experiment of a oxidized Pt surface.
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