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To date most studies focusing on light-driven water splitting for
green energy conversion schemes depend on bulk analyses of
the produced hydrogen using, e.g., head-space gas chromatog-
raphy. In this contribution, we present the fabrication of Pd-
modified microelectrodes for in situ electrochemical hydrogen
measurements using de-alloyed Au� Ni microelectrodes. Stabil-
ity studies and pH-dependent investigations revealed the
stability of these microsensors over a period of seven days, and
confirmed their applicability in a pH range of 3–10 with a limit

of detection (LOD)<1 μmol/L. First in situ proof-of-principle
electrochemical imaging of hydrogen generated at a micro-
electrode and operando studies of hydrogen evolution at earth-
abundant cobalt hydrogen evolution catalysts using the
developed Pd-microsensors in combination with scanning
electrochemical microscopy (SECM) demonstrated the potential
of these microsensors for operando studies in light-driven
heterogeneous catalysis.

Introduction

Electrocatalysis and light-driven water splitting for hydrogen
(H2) production have gained significant attention in the field of
renewable energies[1] serving as potential alternatives to steam
reforming of natural gas, and coal gasification, which exten-
sively contribute to greenhouse gas emissions.[2] Numerous
publications deal with photoelectrodes and electrocatalytic
materials using nanostructures such as non-precious
nanoparticles.[3–5] More recently, light driven homogeneous and
heterogenized systems for water splitting using molecular
catalysts have been reported towards the development of
efficient artificial photosynthesis systems.[6–8] To determine the

efficiency of such heterogenized molecular catalysts during
water splitting reactions, head-space gas chromatography (GC)
is the gold standard to quantify H2 concentrations when
determining turn-over-numbers (TONs) and turn-over-frequen-
cies (TOFs).[9,10] Although GC is certainly the method of choice
for the detection of H2 in the gas phase, it requires a sampling
step and provides only averaged values, which are usually
available only after a certain period of irradiation. Given the
possible heterogeneity of (electro)catalytic systems[11] or of
molecule-in-matrix assemblies for light-driven water splitting,
qualitative and quantitative operando detection of H2 with
lateral and temporal resolution is demanded. To date, laterally
resolved hydrogen evolution reaction (HER) activity has been
determined using scanning electrochemical microscopy with Pt
microelectrodes.[12–15]

For measurements of H2 in the gas phase, Pd-based sensors,
such as Pd nanoparticles deposited on glass,[16] layer-by-layer
deposited graphene-Pd nanocomposites on Au electrodes,[17] or
fiber-optic strain sensors exploiting the volumetric expansion of
Pd due to H2 absorption[18] have been reported. Also, electro-
chemical sensors either using potentiometric or amperometric
detection have been utilized, e.g., Clark-type sensors using gas
permeable membranes in combination with a Pt or Pd
electrode for the oxidation of H2.

[19,20] Bulk Pd with its face-
centered cubic structure is among the most suitable metals for
H2 absorption/desorption, (e.g., for H2 storage), as Pd absorbs
significant amounts of H2 into its lattice to forming Pd-
hydride.[21,22] Hydrogen atoms that originate from H2 dissocia-
tion at the surface of Pd diffuse into the metal lattice occupying
interstitial sites of the crystal lattice.[23] In dependence of the
conditions (i. e., H2 pressure and temperature), thus formed Pd-
hydride exists in two phases - the H2-poor α phase (Pd-Hx: x<
0.017) and the H2-rich β phase (Pd-Hx: x>0.58).[24] H2 absorption
into Pd or Pd alloys may also be electrochemically driven, which
was studied, e.g., by Czerwinski and co-workers[25–27] in respect
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to the alloy composition, pH, etc. For measurement of dissolved
H2, e.g., at heterogenized catalysts, Pd microelectrodes may be
highly suitable allowing the quantitative analysis of H2

evolution over longer periods of illumination time.
Recently, Schuhmann and coworkers reported Pd-micro-

sensors based on Pt microelectrodes that are modified with
gold, bismuth and a Pd layer. Inspired by these studies on Pd-
modified microelectrodes for quantitative H2-measurements in
solution,[27] we present herein an electrochemical H2-micro-
sensor based on de-alloyed Au� Ni microelectrodes modified
with a Pd layer for determining H2 evolution over extended
periods of time. Next to the fabrication and characterization,
these microsensors were then used as an electrochemical probe
in scanning electrochemical microscopy (SECM) to quantita-
tively determine H2 at model substrates and image its spatial
distribution, which is demonstrated via proof-of-principle ex-
periments. Furthermore, we demonstrate that the Pd-modified
microelectrodes are suitable to determine H2 under operando
conditions at heterogenized earth-abundant HER cobalt cata-
lysts.

Results and Discussion

The Pd-based H2 sensors (schematically shown in Figure 1a)
were fabricated using high surface area, porous Au� Ni micro-
electrodes (see experimental section). Electrochemical deal-
loying of Au� Ni can be obtained by applying a potential of
0.7 V vs. SCE in sulfuric acid.[28] Here, we introduce dealloying in
1.0 M KCl solution using cyclic voltammetry to obtain reprodu-
cible and uniform etching, prior to the deposition of a Pd film
from 20 mmol/L K2PdCl4 solution (Figure S1a and S1b). Fig-
ure S1a depicts the dealloying process, which shows an increase
in current response per cycle, as Ni is oxidized at a potential
higher than 0.85 V vs. Ag/AgCl forming NiCl2 in KCl solution.

Due to the electrochemical dissolution process, the active
surface area of the microelectrode is significantly increased. At
the same time, the dealloying process leads to a slightly
recessed electroactive area, as evident in the SEM image
(Figure S2), which may be associated to etching also the
roughened gold surface in the chloride containing solution.[29]

The active surface area of the microelectrodes during the
different fabrication steps (blank, etched (see Figure S1c) and
etched, Pd-modified) was determined using cyclic voltammetry
in the potential range of 0 V to 1.2 V and � 0.2 V to 0.8 V vs.
Hg2SO4, respectively with a scan rate of 50 mV/s in 0.5 mol/L
H2SO4 solution (Figure 1b).

To calculate the active surface area of the blank and etched
Au� Ni microelectrode, the Au-oxide reduction peaks at approx.
0.45 V were integrated (Figure S1c). The integral was divided by
the scan rate to obtain the corresponding charge (Qox) for the
formation of the Au-oxide peak. Assuming that an oxide layer
consists of one O per Au atom,[30] the resulting charge
corresponds to QAu,ox=386 μC/cm2, which reflects an active
surface area of 330.71+ /� 9.85 μm2 (n=3) for the blank Au� Ni
microelectrode and 719.59+ /� 31.21 μm2 (n=3) for the etched
Au� Ni microelectrode, and thus, a more than doubled active
surface area (Figure 1c). For the Pd layer, an oxide layer
consisting of one O atom per Pd atom is assumed resulting in a
charge of QPd,ox=420 μC/cm2.[31] The Pd-oxide peak appears at
0 V vs. Hg2SO4 (Figure 1d). Corresponding to the charge of the
Pd-oxide formation, an increased active surface area of 1043.71
+ /� 141.96 μm2 (n=3) for the Pd modified etched Au� Ni
surface was obtained, which represents a further increase in
surface area of approx. 30% (Figure 1c). The morphology of the
Pd-modified microelectrodes was imaged by scanning electron
microscopy (SEM) (Figure 1d) and atomic force microscopy
(AFM) (Figure S3). AFM and SEM images reveal a homoge-
neously deposited Pd film. A mean roughness (Sa) of the Pd
film of 89.3+ /� 14.5 nm (n=5) was determined via AFM with
an overall increased roughness in comparison to the initially
polished non-modified Au� Ni microelectrode (Sa
36.8+ /� 4.8 nm, n=5). A cross-section of the Pd-modified
microelectrode, as shown in Figure 2a, was obtained by focused
ion beam (FIB) milling. Pd deposition from 20 mmol/L K2PdCl4
solution using pulsed deposition with 150 pulse cycles (see
Figure S1b) resulted in a thickness of 219+ /� 25 nm (measured
at 5 different areas of the cross section), which reflects approx.

Figure 1. a) Schematic of PdH formation at Pd-modified, etched Au� Ni
microelectrode; b) cyclic voltammetry of Pd-modified, etched Au� Ni micro-
electrode in 0.5 mol/L H2SO4, scan rate: 50 mV/s; c) bar diagram of active
surface of blank Au� Ni microelectrode, etched Au� Ni microelectrode and
Pd-modified, etched Au� Ni microelectrode; error bars correspond to
measurements at three individual microelectrodes; d) SEM image of Pd-
modified Au� Ni microelectrode.

Figure 2. a) SEM image of a cross-section of a Pd-modified microelectrode
(red arrows indicate pore spaces); b) EDX map of the cross section for Pd
(blue area corresponds to Pt protection layer).
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500 layers[32] (n=5). The cross-section also indicates pore spaces
(Figure 2a, red arrow) with 94 nm to 142 nm in size between
the Pd layer and the etched Au� Ni surface, which may result
from the surface morphology of the etched Au� Ni micro-
electrode. An energy dispersive X-ray (EDX) map also indicates
a uniformly distributed Pd film (Figure 2b and Figure S4).

According to the literature, the absorption of H2 into the Pd
lattice depends, among other factors, on the thickness of the
Pd layer.[27,32,33] Mainly, cyclic voltammetry is used to study the
electrochemical behavior of Pd electrodes.[27,34,35] Here, we show
an adapted approach to evaluate the H2 absorption behavior of
the Pd-modified microelectrode using a multiple-potential-step-
technique including a cleaning step.[27] The following potentials
vs. Ag/AgCl/3 M were selected for the Pd-hydride formation and
reconditioning of the Pd-film: 0.2 V/20 s; � 0.6 V/5 s; 0.2 V/20 s
(Figure S5). The pulse profile was repeated 10-times for each H2

concentration in a H2-concentration range of 0.0–96.4 μmol/L at
room temperature. The different concentrations were obtained
using a mass flow controller. It should be noted that for the
calibration experiments the absorption peak was integrated to
determine the H2 concentration. Figure 3a shows the calibration
of three individual sensors in 0.1 M Na2SO4 (pH 5.5) recorded at
the same day the Pd film was deposited. The calibrations show
a linear behavior in the H2 concentration range 0.0–96.4 μmol/L,
within a confidence interval of 0.95. The limit of detection
(LOD) for three individual Pd-modified microsensors (i. e.,
calibrations were repeated three times) were in the range of
0.34+ /� 0.06 μmol/L (n=3) to 0.95+ /� 0.35 μmol/L, and the
limit of quantification (LOQ) was in the range of
1.14+ /� 0.19 μmol/L to 3.17+ /� 1.17 μmol/L, respectively. For
long-term stability studies, the H2-sensors were stored in
degassed 0.1 mol/L Na2SO4 solution (pH 5.5) to prevent un-
wanted absorption of H2 with time, and to limit the oxidation of
the Pd layer. Gases present in ambient air such as O2, CO or CO2

may have an inhibiting effect on the H2 absorption.[36,37] For

example, it is known that the presence of CO may attenuate the
H2 response time of Pd-modified electrodes, yet, will not affect
the sensitivity.[38] Figure 3b shows calibrations (the slope (m) of
the calibration curves is plotted) recorded over a period of
seven days using three Pd-modified microelectrodes, which
were calibrated each day in a H2 concentration range of 0.0–
96.4 μmol/L. Within this period, the microsensors show no
significant drop in sensitivity; however, an increased standard
deviation was observed starting at the sixth day, which may be
caused by the gradual oxidation of the Pd layer with time. Also,
the pH dependence of the microsensor response was inves-
tigated recording calibrations at different pH values (pH 3,
pH 5.5, pH 10) (Figure 3c). These calibrations were carried out
the same day the microelectrodes were modified with the Pd
layer to avoid possible oxidation and aging effects.

The pH-studies reveal that the Pd sensors are suitable for
measurements in a range of pH 3–10. Figure 3c shows a slight
decrease in H2 sensitivity with increasing pH values. Hubkowska
et al. reported an inhibiting effect on the H2 absorption proper-
ties of Pd in alkaline media at short polarization times.[26]

Polarization times selected for the multiple potential step
method include pulse times of only 20 s for H2 absorption and
5 s for H2 oxidation, respectively. A minute inhibition effect at
higher pH may be observed here as well, but the deviation is
within the uncertainty of the measurements (see error bars). A
two-sample t-test was performed assuming different variance,
which shows that the slopes for the long-term studies and the
pH study are within a confidence level of 0.95. The developed
Pd-microsensors may be used in combination with SECM to
obtain spatially resolved information on the H2 evolution at
electrocatalytic materials such as Pt microparticles,[39] molybde-
num disulfide (MoS2)

[15] or light-driven HER at heterogenized
catalysts.[7] To map the H2 evolution, SECM experiments were
carried out in substrate generation/tip collection (SG/TC)
mode[40] using the Pd-modified Au� Ni microelectrode as the
SECM probe.

In a first proof-of-principle experiment, the Pd-modified
microelectrode was positioned close to the surface of a Pt
macroelectrode (diameter 3 mm) at a distance of 30 μm. A
constant SECM tip potential (WE 1) of � 0.6 V vs. Ag/AgCl quasi
reference electrode (QRE) was applied to absorb H2. Concur-
rently, the potential of the Pt macroelectrode (WE 2) was cycled
in the potential range from 0.1 V to � 1.2 V vs. Ag/AgCl QRE
once the SECM tip was positioned either over the active Pt
surface (Figure 4a) or above the glass insulating sheath (Fig-
ure 4b). As derived from the i-t curves, an increased current
signal is observed at substrate potentials more negative than
� 1.0 V with a maximum current of approx. 5 nA (at � 1.1 V) due
to the H2 evolution at the macroscopic Pt electrode (Figure 4a).
It should be noted that for the i-t curves, the time axis are not
plotted for clarity. If the Pd-modified microelectrode was
positioned above the insulating glass sheath, no significant
change in the current signal could be observed.

Figure 4c shows a SECM experiment with the Pd-modified
microelectrode positioned at a distance of 30 μm at a Pt
microelectrode (diam. 10 μm). The Pd-modified microelectrode

Figure 3. a) Calibration curve of three individual Pd-modified microelec-
trodes in 0.1 mol/L Na2SO4 (pH 5.5), confidence interval 0.95 (blue); b) Pd-
microsensor responses of three individual Pd-modified microelectrodes in
0.1 mol/L Na2SO4 over a seven-day period; measurements were performed in
a H2-concentration range 0.0 μmol/L–96.4 μmol/L; c) pH stability of three
individual Pd-modified microelectrodes in 0.1 mol/L Na2SO4 (pH 3, pH 5.5
and pH 10). The slope (m) is plotted versus time or pH, respectively.
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was scanned across the microelectrode, which was biased at a
potential of � 1.1 V vs. Ag/AgCl QRE evolving H2.

A H2 absorption time of 300 s to reach saturation for the Pd-
microelectrode was reported by Schuhmann and colleagues.[27]

Saturation studies were also performed with the Pd-modified
dealloyed Au� Ni microelectrodes for different H2 concentrations
of 24.1 μmol/L, 96.4 μmol/L and 800 μmol/L resulting in satu-
ration at 800 s, 600 s and 300 s, respectively. The SECM experi-
ments were carried out with the Pd microsensor biased at 0.2 V
to oxidize absorbed H2. Thereby, the potential saturation of the
Pd microsensor at H2 evolution rates at the WE 2 (imaging time
approx. 40 minutes) during imaging was avoided (Figure 4c).
Once the Pd microsensors was located above the active
electrode area, a maximum current of 1.6 nA was observed with
a spot size of approx. 30 μm reflecting the diffusion plume
across the active area (red area). The overall spot size marking
the diffusion profile is approx. 102×87 μm2 (green – cyan area).

For mapping the H2 evolution at heterogenized light-driven
HER catalysts, standard methods for H2 detection such as head-
space GC are not suitable, and the developed microsensors are
a highly promising alternative, as schematically shown in
Figure 5a. In a previous report, earth-abundant cobaloxime
complex salts such as the BPh2-bridged, double salt [Co(dmgH)2
(py)2]

+[Co(dmgBPh2)2Cl2]
� and the negatively charged TBA+

[Co(dmgBPh2)Cl2]
� were therefore evaluated in respect to

homogeneous and heterogeneous HER.[7] For the heterogenized
system, the catalysts were deposited as micro- and nanoarrays
on carbon nanomembranes (NH2-CNMs) prepared from 4’-nitro-
1,1’-biphenyl-4-thiol (NBPT) self-assembled monolayers[41–43] us-
ing scanning electrochemical cell microscopy (SECCM), as
recently reported in detail[7] and schematically shown in Fig-
ure S6a. Here, we investigated in-depth the heterogenized

positively charged cobalt catalyst, [Co(dmgH)2(py)2]
+BArF�

(structure is shown in Figure S6a), which was not investigated
so far. This is important, as [Co(dmgH)2(py)2]

+BArF� revealed
the highest TONs and TOFs in homogeneous light-driven
catalysis next to the double Co-salt ([Co(dmgH)2(py)2]

+[Co-
(dmgBPh2)2Cl2]

� ).[7] We quantitatively determined the light-
driven H2 evolution of the heterogenized [Co(dmgH)2(py)2]

+

BArF� salt by depositing a microarray on NH2-CNMs via SECCM
(SEM image of the array is shown in Figure S6b). The H2-
microsensor was positioned 30 μm above the catalyst array, as
schematically shown (Figure 5a). For absorbing H2 evolving
within one hour of illumination, the Pd sensor was biased at a
constant tip potential of � 0.6 V vs. Ag/AgCl. The light-driven
HER was investigated at the deposited [Co(dmgH)2(py)2]

+BArF�

microarray (9×9 spots) with a total surface area of the catalyst
of 26.3 μm2 assuming hemispherical spots with a diameter of
0.45+ /� 0.05 μm (n=81). Measurements were carried out in an
aqueous solution containing [Ru(tbbpy)2(mmip)]Cl3 (tbbpy=

4,4’-di-tert-butyl-2,2’-bipyridine; mmip=1,3-dimethyl-1H-
imidazol[4,5-f][1,10]phenanthrolinium, termed ‘Ru(mmip)’) as
photosensitizer, and ascorbic acid as sacrificial electron donor
at pH 4. Based on the Faraday law, a H2 concentration of
350.52+ /� 41.33 μmol/L (n=3) was determined for the
[Co(dmgH)2(py)2]

+BArF� catalyst (Figure 5b), which is almost
four times higher compared to the H2 concentration of 89.45+

/� 39.29 μmol/L (n=3) obtained for the commercially available,
neutral [Co(dmgH)2(py)Cl]. Initially performed head-space GC
measurements of homogeneous light-driven catalysis of [Co-
(dmgH)2(py)2]

+BArF� resulted in a TON of 65+ /� 2, which
reflects almost twice the value compared to the neutral catalyst,
[Co(dmgH)2(py)Cl] with the a TON of 35+ /� 2.[7] Taking the
active surface area of the investigated microarrays of the two
Co-catalysts into account, which is estimated with 93.6 μm2 for
the [Co(dmgH)2(py)Cl] spot array and only 26.3 μm2 for the
[Co(dmgH)2(py)2]

+BArF� spot array (Figure S6b), the active sur-

Figure 4. Proof of principle SECM SG/TC experiment in 0.1 mol/L Na2SO4

(pH 5.5). a) Schematic of Pd-modified microelectrode positioned at 2nd Pt
macroelectrode; i-t curve of H2-absorption at Pd-microelectrode (red) was
recorded for the duration of the cyclic voltammogram recorded at the Pt
macroelectrode (grey); for clarity the time axis is not plotted. b) Schematic of
Pd-modified microelectrode positioned over the insulating sheath, i-t curve
H2-absorption at the Pd-modified microelectrode (red) and cyclic voltammo-
gram recorded at the Pt macroelectrode (grey); c) schematic of Pd-modified
microelectrode positioned at a Pt microelectrode and SECM image of H2

evolution at Pt microelectrode (WE 2) biased at � 1.1 V vs. Ag/AgCl QRE. The
Pd-modified microelectrode was biased at 0.2 V vs. Ag/Ag/AgCl QRE, scan
rate: 3 μm/s. For all experiments, the Pd-modified microelectrode was
positioned at the substrate in a distance of 30 μm.

Figure 5. a) Schematic of SECM illumination experiment; b) bar diagram of
H2 concentration yield after one hour of illumination for [Co-
(dmgH)2(py)2]

+BarF� and [Co(dmgH)2pyCl]. Error bars reflect three measure-
ments.
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face area of the positively charged Co catalysts was only approx.
28% of the neutral catalyst. However, the light-driven H2

evolution related to the surface area yields for [Co(dmgH)2
(py)2]

+BArF� 13.33 μmol/L/μm2 and for [Co(dmgH)2(py)Cl] only
0.96 μmol/L/μm2, which corresponds to 14-times higher H2 yield
in respect with the active surface area and matches the trend
observed for homogeneous light-driven H2 evolution with the
positively charged Co-catalysts revealing the highest TON
numbers.[7] It should be noted that a quantitative comparison of
the homogeneous and heterogeneous situation is not feasible,
as experimental parameters such as solvent, pH, and sacrificial
electron donor were different. Nonetheless, with the previous
study[7] and the here presented data, the observed trend in
activity towards light-driven H2 evolution in homogeneous and
heterogeneous catalysis is the same with [Co(dmgH)2(py)2]

+

BArF� being the most active catalyst. Last but not least, the
present study demonstrates that given the experimental
approach and the sensitivity of Pd microsensors, H2 can be
analyzed in situ even at lower amounts of heterogenized
catalyst, which may be challenging using, e.g., head-space GC.

To ensure that the observed cathodic response at the Pd-
microsensor was related to the HER, control experiments at
dark condition (grey curve) were performed, as exemplarily
shown in Figure S6c indicating no significant change of the
current with time.

Conclusions

An innovative approach for electrochemical H2 detection based
on Pd-modified de-alloyed Au� Ni microelectrodes was intro-
duced. Multiple potential steps were implemented as a suitable
method for H2 calibration, which allows rapid and reproducible
H2 quantification. Based on the seven-day stability tests and the
studies at various pH conditions, the developed Pd micro-
sensors revealed a reproducible response behavior over
extended periods of time and functionality across a sizeable
pH-range without significant loss in sensitivity. The developed
Pd-based microsensors are also suitable for imaging H2

concentration profiles, if used as SECM probes. Accordingly, we
demonstrated mapping of the evolving concentration profile of
H2 at a negatively biased Pt microelectrode. These Pd-modified
microelectrodes are also suitable for studying the light-driven
activity at heterogenized Co-based HER catalysts, facilitating the
detection of the early onset of H2 evolution, and the operando
quantification of H2. Future studies will focus on operando
screening experiments, and on unraveling the kinetics at
various non-precious HER catalysts.
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