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Abstract 
Distributed use of hydrogen (H2) has grown with its increasing application in the mobility and energy 
sector. The need for highly sensitive, selective, long-term stable and miniaturized H2 sensor systems is 
essential for the safety and quality management of a future H2 supply chain. The present contribution 
reports on the development and characterization of a H2 sensor system based on a solid-electrolyte 
flow-through cell (8 mol.-% yttria-stabilized zirconia, YSZ) operated in coulometric mode and combined 
with gas chromatographic (GC) pre-separation. Miniaturization of system components and results on 
parametric characterization are provided. A valve injection system for gas sampling was developed as 
a stainless steel 3D-printed valve manifold with miniaturized solenoid valves. The GC column oven 
(heating/cooling module) was accomplished using resistive heating and forced convective cooling of an 
cylindrical carrier. Both design concepts are reported together with results of their performance. A 
commercial solid electrolyte coulometric detector (SEC) was characterized under different operating 
conditions, i.e. at different detector temperatures, oxygen partial pressures, injected H2 concentrations 
and carrier gas flowrates, to gain insights into the essential sensor parameters like H2 peak attributes, 
accuracy and long-term stability. 

Keywords: Safety monitoring, hydrogen sensor system, yttria-stabilized zirconia (YSZ), solid-
electrolyte coulometry, gas chromatography  

1. Introduction 
Hydrogen has been widely used in chemical in-
dustry as well as petrochemical refineries for a 
century [1]. An increasing recognition of hydro-
gen as a clean energy source has 
application to various other fields. On the one 
hand, it is increasingly used in the e-mobility 
sector after transformation in fuel cells [2]. And, 
on the other hand, its importance is growing 
rapidly in a mixed energy infrastructure, where 
hydrogen is being produced from renewable en-
ergy sources (e.g. power-to-gas technologies) 
[3, 4]. These applications have resulted in the 
decentralization of the hydrogen supply chain 
[5] in the context of production (electrolyzer fa-
cilities), transport (integrated with natural gas 
distribution pipelines) and various end users.  
Because of its wide flammability/explosion 
range in air and small molecular size, hydrogen 
poses potential danger due to leakage. A widely 
used risk management approach in safety 
monitoring applications is to reliably and selec-
tively detect hydrogen at trace concentrations 
(<10 vol.-ppm) at start of a leakage [6].  

Above-mentioned requirements dictate the 
need for more sensitive, selective, and long-
term stable sensor systems, which can be 
miniaturized for flexible field installations. In [7, 
8], different commercial sensor technologies 
and test methods are described and evaluated 
for hydrogen detection in safety applications. In 
[9-11] the usage of a solid-electrolyte-based 
coulometric gas sensor as a GC detector is de-
scribed, which is capable to detect trace con-
centrations of oxidizable gas components (H2, 
CH4) in the presence of air. The detector 
measures the titration current, which is related 
to the gaseous analyte concentration. The ana-
lytes are oxidized or reduced at the triple phase 
boundary (TPB) of the SEC electrode 
(Pt/YSZ/gas phase), which is polarized versus 
a Pt-air reference electrode to establish a con-
stant low oxygen partial pressure in the carrier 
gas [10]. Eq. 1 describes the relation between 
the amount of analyte x and the detector signal 
I based on Faraday law: 
 

 (1) 
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where tS and tE are the starting and ending times 
of the peak, respectively. F denotes the Fara-
day constant, IBL stands for the baseline current 
and z stands for the number of electrons trans-
ferred in the reaction.  
The detector was characterized and optimized 
in terms of material properties and instrumenta-
tion related noise sources to enable selective 
measurement of H2 concentrations down to 
0.2 vol.-ppm [10, 12]. The present contribution 
describes the design and test of some essential 
components of a miniaturized chromatographic 
measuring system with a SEC, to develop a 
miniaturized field device. It also reports the 
results from operational characterization of a 
commercially available SEC as test platform for 
future improvements and design optimizations. 

2. Experimental 
2.1 Detector characterization  
Fig. 1 shows a scheme and a picture of the 
existing measurement system. A commercial 
GC (8610C, MG #1, SRI Instruments Europe 
GmbH, Bad Honnef, Germany) was modified by 
adding a SEC with temperature control (F) and 
purpose-built potentiostatic circuit (E) as 
described in [10]. The gas sample injection sys-
tem is enabled through a 10-port rotational 
valve (A) and 1mL sample loop. The sample is 
separated in a temperature programmed air 
bath oven (B) containing a combination of mo-
lecular sieve 13X and silica gel stainless steel 
(SS) packed columns (length: 2m; OD/ID: 

using a commercial 
SEC (D) (O2-DF-28.0 from ZIROX Sensoren & 
Elektronik GmbH, Greifswald, Germany). The 
separation process is described in detail 
elsewhere [13]. Nitrogen (N2) of quality 5.0 was 
used as carrier gas. The sample loop was 
continuously flushed with sample gas mixtures, 
prepared with controllers 
(G) from Brooks Instruments (  
using test gases with 1000 and 102.7 vol.-ppm 
H2 in synthetic air. 
For the characterization of the essential sensor 
parameters like peak behavior, sensitivity, ac-
curacy and reproducibility, the measurement 
system was inspected at different detector tem-
peratures (600  750 °C), oxygen partial pres-
sures/polarization voltages (-300 mV to -450 
mV), injected H2 concentrations (0.2  180 vol.-
ppm) and carrier gas flowrates (~6  16,5 
mL/min). All chromatograms were recorded at a 
sample loop volume of 1 mL, sample loop tem-
perature of 60 ± 1°C and ambient pressure con-
ditions. 

 

 
Fig. 1: Scheme (above) and picture (below) 

of the present measurement system, 
letter labelling is described in the text. 

 
2.2 Component miniaturization  
For the sample loop injection, a miniaturized SS 
valve manifold was developed, which is 
equipped with 8 miniaturized solenoid valves 
(S0705DX-CO, 3/2 way solenoid valves, SMC 
GmbH, Germany) mounted on the manifold for 
flow actuation. A schematic of the concept is 
shown in Fig. 2. It also shows a laboratory pro-
totype which was manufactured by 3D-printing 
(AM Metals GmbH, Freiberg, Germany). The 
manifold was tested for gas tightness of the ex-
ternal fittings and internal channels, using he-
lium leak test system (ASM 310, Pfeiffer 
Vacuum, Asslar, Germany). To characterize the 
gas dispersion in the manifold, it was connected 
to carrier (N2) and sample gas flows (0.1 vol.-% 
H2 in N2) as well as to a commercial SEC detec-
tor, operated by a potentiostat (Interface 1000, 
Gamry Instruments, Warminster, USA) and a 
sample loop with the volume 1 mL. The column 
ports were short-circuited. Subsequently the 
coulometric current peaks were measured at 
this arrangement. Potentiostatic scans with mul-
tiple load and injection steps were performed at 
different detector temperatures (600  650 °C), 
carrier gas flowrates (10  50 mL/min) and in-
jected H2 concentrations (10  300 vol.-ppm). 

 20. GMA/ITG-Fachtagung Sensoren und Messsysteme 2019 265

DOI 10.5162/sensoren2019/3.3.4



 

 
Fig. 2: Flow circuitry (above) of the miniatur-

ized 3D-printed valve manifold 
(45x35x25 mm3), where 1) shows 
connections to sample loop, measur-
ing gas, carrier gas and detector and 
2) shows connections to columns, be-
low: prototype for laboratory tests.  

 
Fig. 3 shows the design concept and the corre-
sponding prototype of a miniaturized column 
heating/cooling module (HCM). The GC col-
umns were wound upon an aluminum (Al) cylin-
der as carrier together with an isolated heating 
wire (ThermoExpert GmbH, Stapelfeld, Ger-
many) and a Pt-200 temperature sensor 
(Heraeus Sensor Technology GmbH, Klein-
ostheim, Germany). A silicon free heat conduc-
tive paste (Techtronix GmbH, Cologne, Ger-
many) was applied to ensure uniform thermal 
contact. The Al carrier is equipped with an em-
bedded heat sink structure and cooled by an ax-
ial fan. The columns were thermally isolated 
with glass wool (not shown). The performance 
of the prototype was evaluated by heat-
ing/cooling cycles with constant or increasing 
heating power. The influence of a swing-type 
flap at the outlet of the cylindrical Al-carrier was 
tested as well. The cooling cycle was recorded 
always at maximum power of the axial fan.  

 
Fig. 3: Scheme (A) and picture (B) of a 

miniaturized heating/cooling module 
for the columns. 

3 Results  
3.1 Effect of detector temperature and 

polarization voltage 
Fig. 4 shows hydrogen peaks measured at 
different SEC temperatures. The peaks were 
measured at constant polarization voltage and 
injected H2 concentration. The average carrier 
gas flow rate was adjusted to 10.5 mL/min at 
standard conditions (= standard cubic centime-
ters per minute, sccm).  

 
Fig. 4: Chromatogram segment showing H2 

peaks and dependence of their peak 
areas (PA) and peak heights (PH) on 
detector temperatures (DT), at polari-
zation voltage = -450 mV, c(H2) = 180 
vol.-ppm in synthetic air. 
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The results show a decrease of the H2-related 
peak area and peak heights with increasing de-
tector temperatures. A closer look at the coulo-
metric currents in the time segment between 
160 and 200 s in the inset of Fig. 4 indicates an 
apparent peak tailing, which prolongs with in-
creasing SEC temperature. This peak tailing 
indicates a H2 storage near the triple phase 
boundary (TPB) of the detector at higher tem-
peratures. It is assumed that this temporary H2 
storage (approx. 10% if the peaks at 750 and 
600°C are compared) occurs at the elec-
trode/electrolyte interface. As illustrated in Fig. 
5 this interface consists of a porous YSZ layer 
sintered onto the YSZ tube to increase the TPB 
at the surface of the Pt wire mesh electrode. 
The stored H2 subsequently elutes from this 
layer and results the tailing. This phenomenon 
could be correlated to the findings reported in 
[14] where an increase of peak heights and 
areas was seen with increasing temperatures in 
cyclic voltammetry (CV) investigations on an 
identically constructed detector at comparable 
flow rates of measurement gas. The peak tailing 
duration at 750 °C prevents the complete peak 
integration since the following oxygen peak 
limits the integration time. At 600 °C the amount 
of charge found in the peak corresponds to the 
injected amount of H2 according to Eq. 1. 
To investigate the peak dependency on oxygen 
partial pressure (pO2), different polarization 
voltages from -300 mV (pO2 = 25 mPa) to  
-450 mV (pO2 = 0.27 mPa) were applied. As 
shown in Fig. 6, the described peak tailing can 
be observed at all applied polarization voltages, 
indicating that the H2 storage is occurring in a 
broader range of p(O2). No other influence of 
the polarization voltage is visible. 

 
Fig. 5: Scheme of the solid electrolyte cell in 

the SEC and SEM image of the 
interface between the Pt mesh 
electrode and the porous YSZ layer 
situated between electrode and YSZ 
electrolyte to enhance TPB. 

 
Fig. 6: Chromatogram segment showing H2 

peaks and dependencies of peak area 
(PA) and peak height (PH) on 
polarization voltage (PV) at two 
detector temperatures (DT), c(H2) = 
180 vol.-ppm in synthetic air. 

 
3.2 Peak behavior at different hydrogen 

concentrations  
The SEC was tested for chromatographic peak 
behavior and detection uncertainties at different 
injected H2 concentrations in the range 2  
180 vol.-ppm. The detector response was rec-
orded for varying detector temperatures be-
tween 600  750 °C at constant polarization 
voltage -450 mV. The resulting chromatogram 
segments given in Fig. 7 indicate that the peak 
tailing, described in Section 3.1, occurs at all 
measured concentrations. In addition, front-end 
and back-end shoulders are observed at con-
centrations < 50 vol.-ppm. This effect is mainly 
caused by the gas chromatographic columns. It 
vanishes at trace concentrations <10 vol.-ppm.  

 
Fig. 7: Chromatographic H2 peaks with their 

peak areas (PA) and peak heights 
(PH) at varying injected c(H2) = 2  
180 vol.-ppm, polarization voltage =  
-450 mV, detector temperature (DT) = 
700 and 750 °C. 
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Fig. 8: Comparison between peak areas cal-

culated by Faraday law (line) and 
peak areas derived from chromato-
grams at different temperatures and 
H2 concentrations (dots).  

 
The peak areas measured in different experi-
ments were summarized with respect to the an-
alyte concentration as shown in Fig. 8. The re-
sults prove that the measured peak areas follow 
Faraday law closely within the accessible preci-
sion at 600 °C. Due to the above mentioned 
storage effect a deviation of around 4% was 
found at 750 °C. 
 
3.3 Influence of carrier gas flow rate 
The hydrogen peak parameters were evaluated 
at varying carrier gas flow rates. Fig. 9 shows 
these results at two selected detector tempera-
tures. The results in Fig. 9 reveal that with in-
creasing flow rate, the peak height (and corre-
spondingly the signal-to-noise ratio) increases 
while peak width and retention time decrease as 
expected. The peak area does not change. 

 
Fig. 9 Chromatogram segments showing H2 

peaks and dependency of H2 peak 
areas (PA) and peak heights (PH) on 
carrier gas inlet pressures pinlet= 2-3.6 
bar (flowrates = 6  16 mL/min), c(H2) 
= 2 vol.-ppm; polarization voltage =  
-450 mV; detector temperatures (DT) 
= 650 and 750 °C. 

The neglectable deviations between the meas-
ured peak areas indicate that the detector oxi-
dizes the incoming hydrogen completely at all 
investigated flow rates. This result is supported 
by the findings at a similar SEC given in [10]. 
These insights will be used for optimizing pa-
rameters like carrier gas flow rate, detector ge-
ometry, peak retention time, signal-to-noise ra-
tio and completeness of H2 conversion. They 
would also play a key role in further di-
minishment of the lower limit of detection 
(LLOD) and size of the measuring system. 
 
3.4 Characterization of miniaturized 

components 
3.4.1 Valve injection system 
The newly developed injection manifold was 
characterized with respect to overall gas tight-
ness and sample dispersion after injection. The 
leakage rates amount roughly to 10-8 mbar·L/s. 
The average values of open circuit potentials 
(OCP) at tested carrier gas flow rates and de-
tector temperatures indicate oxygen concentra-
tions between 0.3  0.7 vol.-ppm. Fig. 10 shows 
experiments performed with the manifold with 
different flow rates of the carrier gas. The 
illustrated sections of different potentiostatic 
scans contain one injection event. The stable 
baseline current proves an appropriate gas 
tightness of the prototype. As expected, the H2 
peak height increases with flow rate while the 
peak area remains constant. Furthermore, the 
H2 peaks show an acceptable tailing, which 
indicates remaining possibilities to reduce dead 
volumes in the manifold and the fittings. Another 
evidence for these dead volumes are negative 
oxygen peaks, occurring after the first several 
actuations from inject to load events. These 
negative peaks decrease rapidly and vanish 
after 4-6 injections due to the ongoing flushing 
of these dead volumes. 

 
Fig.10: Sections of potentiostatic scans at dif-

ferent flow rates, showing H2 peaks at 
one injection step, polarization volt-
age = -300 mV, detector temperature 
= 600 °C, c(H2) = 300 vol.-ppm. 
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3.4.2 Heating/cooling module (HCM) 
The temperature courses illustrated in Fig. 11 
were obtained by heating and cooling the proto-
type shown in Fig. 3. The measured tempera-
ture gradients during heating (10°K/min) and 
cooling (~55°K/min) already meet the desired 
values for final operation. Furthermore, the tem-
perature gradient can be stabilized if the heating 
power increases linearly with temperature. As 
expected, the heating efficiency can be in-
creased significantly by installing a swing-type 
flap at the outlet of the cylindrical Al-carrier 
(acting as a heat trap), which is closed during 
heating and opened by airflow during cooling.  

 
Fig 11: Heating/cooling ramps measured at 

the prototype given in Fig. 3 at 
different operating conditions as listed 
in the inset table, HP = heating power. 

4 Conclusions 
In this work, the response of a commercial solid 
electrolyte coulometric detector (SEC) was 
investigated at different operating conditions 
like temperature, oxygen partial pressure, 
injected H2 concentration and carrier gas flow. 
The observed results enable method and 
component optimization for improvement of 
selectivity, long-term stability and lower limit of 
detection.  
At detector temperatures above 700 °C a pro-
nounced H2 peak tailing was observed, which 
indicates temporary storage and slow release of 
H2. It is assumed that this storage occurs in a 
porous ceramic layer between the electrode 
and the electrolyte. This result is supported by 
dynamic measurements with cyclic voltammetry 
at a similar detector.  
This tailing can be prevented almost completely 
by diminishing the volume of the porous layer or 
by decreasing the detector temperature. The 
peak areas measured at different H2 concentra-
tions and detector temperatures demonstrated 
a close agreement with Faraday law at 600 °C 
and a peak area decrease of about 4 % at 
750 °C. The separation reproducibility could be 

quantified with the standard deviation of reten-
tion time = 1.5 s. The repeatability of the whole 
system results in a standard deviation of the 
measured peak areas of < 2 % for the H2 con-
centration 180 vol.-ppm. This outstanding de-
tector stability enables its calibration free oper-
ation over long periods. The constancy of peak 
areas in the investigated carrier gas flow range 
proves the completeness of H2-conversion dur-
ing the passage through the electrolysis cell. 
The results offer a test reference for the various 
construction tradeoffs between electrode geom-
etry (length and cross section area) and chosen 
flow rates. 
The limit of detection of the system was quanti-
fied to range at around 200 vol-ppb H2. A further 
diminishment of this parameter is expected with 
a newly developed miniaturized detector. 
A miniaturized sample injection system was de-
veloped and manufactured as a 3D-printed 
manifold made of stainless steel. It is equipped 
with side-mounted miniaturized solenoid valves. 
The manifold tests show reproducible and sta-
ble H2 peaks and drift-free baseline current. 
Main advantages of this, more than 40 % minia-
turized, injection system are an increased flexi-
bility enabling intelligent injection procedures 
and significant cost reduction.  
A cylindrical carrier was developed and tested 
for resistive heating and forced convection cool-
ing of separation columns. It provides more than 
50 % size reduction and meets the require-
ments of the chromatographic method.  
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