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Abstract: 

In this work, we investigated the impact of temperature on two-phase transport in low 

temperature (LT)-polymer electrolyte membrane (PEM) electrolyzer anode flow channels via in 

operando neutron imaging and observed a decrease in mass transport overpotential with 

increasing temperature. We observed an increase in anode oxygen gas content with increasing 

temperature, which was counter-intu.itive to the trends in mass transport overpotential. We 

attributed this counterintuitive decrease in mass transport overpotential to the enhanced reactant 

distribution in the flow channels as a result of the temperature increase, determined via a one-

dimensional analytical model. We further determined that gas accumulation and fluid property 

changes are competing, temperature-dependent contributors to mass transport overpotential; 

however, liquid water viscosity changes led to the dominate enhancement of reactant water 

distributions in the anode. We present this temperature-dependent mass transport overpotential as 

a great opportunity for further increasing the voltage efficiency of PEM electrolyzers. 
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1.0 Introduction 

Hydrogen is an attractive energy vector that can enable the decarbonization of the current energy 

infrastructure [1]. Today, hydrogen is mainly produced by natural gas reforming, which heavily 

involves carbon emissions [2]. Electrochemical water-splitting via polymer electrolyte 

membrane (PEM) electrolysis is particularly promising means to produce hydrogen from 

intermittent renewable sources (such as solar panels [3]), and is projected to be the main 

electrolysis technology by 2030 [4]. The low temperature (LT)-PEM electrolyzer is attractive due 

to its rapid system response, compact design, and ability to operate over a wide range of current 

densities [5]. LT-PEM electrolyzer technologies have experienced rapid development over the 

last decade [6]; however, cost reduction remains paramount for widespread adoption [7]. To 

realize a cost-effective PEM electrolyzer system, important developments have been made on 

enhanced catalyst materials with improved catalytic activity [8] and alternative materials (i.e. 

catalyst [9] and flow field [10,11]) for cheaper electrolyzer components. Another exciting 

development to this end has been the linkage of increasing the PEM electrolyzer operating 

temperature with reduced power consumption, where the reduced power consumption has been 

attributed to decreases in kinetic overpotential, membrane resistance, and reversible potential [7]. 

However, higher operating temperatures (> 70 °C) remain challenging to achieve in practice due 

to Nafion1 membrane temperature sensitivity, instability of ion-exchange resins, poor catalyst 

durability, and unknown effects of multiphase flows in the anode (such as presence of gas 

bubbles and non-uniform liquid water distributions) [7,12].  

                                                      
1 Certain trade names and company products are mentioned in the text or identified in an illustration in order to 
adequately specify the experimental procedure and equipment used.  In no case does such identification imply 
recommendation or endorsement by the National Institute of Standards and Technology, nor does it imply that the 
products are necessarily the best available for the purpose. 
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Oxygen gas generation in the anode has a strong influence on the efficiency of PEM 

electrolyzers (via mass transport overpotentials) due to the oxygen gas displacement of reactant 

liquid water [13]. Oxygen must be continuously removed from the reaction sites for 

uninterrupted water delivery to the reaction sites. Suermann et al. [14] experimentally 

determined that the mass transport overpotential of their electrolyzer contributed up to 25 % of 

the total overpotential at current densities above 1 A/cm2 for an operating pressure range 

between 1 bar to 100 bar. This overpotential was recently identified to be significantly affected 

by the proton transport resistance in the anode catalyst ionomer [15], as well as gas crossover 

across the membrane [16]. Furthermore, Li et al. [17] reported that their cell potential increased 

exponentially when they increased their operating temperature from 80 °C to 120 °C under 

atmospheric pressure operation. They attributed this exponential voltage growth to the rapid 

increase in mass transport overpotential caused by gaseous oxygen hindering the delivery of 

liquid water to the reaction sites. Several works [14,17-20] have identified the significance of 

anodic two-phase flow on PEM electrolyzer performance; however, the specific impact of 

operating temperature on the nature of two-phase flow remains relatively unexplored. In light of 

the insight from literature pointing to favourable higher temperature operation [7,12], 

understanding the impact of operating temperature on multi-phase transport phenomena in PEM 

electrolyzers is vital for tailoring operating conditions for this higher temperature operation. We 

hypothesize that the operating temperature has the potential to significantly affect mass transport 

overpotential via two-phase flow behaviour, due to the inherent dependence of fluid properties 

(i.e. viscosity, density, solubility, surface tension, and vapor pressure of water) on temperature.  
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While some researchers have found a correlation between higher operating temperature and 

reduced mass transport overpotential [21,22], there is an interesting discrepancy within the 

literature. Specifically, Ojong et al. [21] reported an increase in mass transport overpotential with 

increasing temperature, due to increasing reaction site blockage by oxygen gas with increasing 

temperature. On the other hand, Suermann et al. [22] reported a decrease in mass transport 

overpotential with increasing temperature, due to the temperature dependent changes in fluid 

properties (such as decreasing water viscosity and surface tension) that are favorable for water 

transport.. The works of Ojong et al. [21] and Suermann et al. [22] pose a duality in temperature 

effects that necessitate a closer examination of the effect of temperature on multi-phase transport 

and the directly-related mass transport overpotential in the PEM electrolyzer. Increasing the 

PEM electrolyzer operating temperature may encourage gas phase oxygen coverage that 

obstructs liquid water transport, but this increasing temperature may also enhance liquid water 

delivery due to favourable temperature-dependent variations in fluid properties. However, the 

relative contributions of these two mechanisms on the mass transport overpotential remain 

unclear, and this is a particularly pressing issue due to the nature of their opposing favourability 

on PEM electrolyzer efficiency. Although the temperature-dependence of mass transport 

overpotential has been demonstrated in previous works [21,22], an investigation of temperature-

dependent mass transport overpotential using in operando imaging of the anode flow channels 

has not yet been reported in the literature. 

 

The two-phase flow phenomenon in the anode flow field is a direct indicator of mass transport in 

PEM electrolyzers, as reported by previous works [23-27]. Dedigama et al. [25] and Ito et al. 

[24] have shown that the two-phase flow regime in the channel (i.e. slug or annular flow) 
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strongly influenced the resulting mass transport overpotential. Majasan et al. [28] have shown 

that parallel flow channels are superior relative to serpentine flow channels since serpentine flow 

channels promote the undesired slug flow in the flow channels and the subsequent increase in 

mass transport overpotential. Li et al. [29] have observed through thermal imaging that the 

temperature field in the flow channel is not uniform, where high local temperature was 

accompanied by higher gas generation rates. More recently, Zinser et al. [30] have reported that 

sufficient liquid water in the anode flow channels is a key driver for preventing drying-out at the 

anode catalyst layer. These results demonstrate the inherent link between the two-phase flow 

within the flow channel and the porous transport layer, as well as the catalyst layer. Although 

temperature effects on the two-phase flow near the PTL-CL interface have been investigated via 

neutron imaging in our previous work [31], the temperature effects on the two-phase flow within 

the anode flow channel also requires attention to achieve a fully-coupled understanding of 

temperature-dependent two-phase flow in PEM electrolyzers.  

 

Since transparent materials do not exhibit the thermal and surface properties of the metallic flow 

fields used in practice, avoiding unrepresentative dynamic two-phase transport behaviour poses 

non-trivial challenges. Alternately, radiographic visualization is a promising means to study 

multiphase flow phenomena in an operating PEM electrolyzer [32-41]. X-ray synchrotron 

radiography offers in operando imaging with high spatial and temporal resolution, making the 

technique favorable for studying the dynamic behaviour of bubbles in PEM electrolyzers [35]. 

Leonard et al. [35] used X-ray imaging to investigate the oxygen bubble formation and 

detachment in an operating electrolyzer. They observed a decrease in bubble residence time in 

the channels with increasing current density [35]. Neutron radiography is also an attractive tool 
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for studying oxygen gas behaviour in PEM electrolyzers, due to the ability for neutrons to 

transmit through many metallic substances (compared to X-rays) [39]. Panchenko et al. [39] 

determined via neutron imaging that the stoichiometric ratio of liquid water in the anode flow 

channels should be greater than 100 to prevent congestion in oxygen gas transport and the 

subsequent increase in mass transport overpotential. Thanks to these pioneering studies, we now 

have a better understanding of the two-phase flow behavior within anode flow channels. These 

two-phase flow behaviors, however, are expected to be temperature-dependent, and a discussion 

of this temperature dependence is lacking in the body of literature. The urgent need of using 

imaging techniques to understand the temperature-dependent two-phase flow in PEM 

electrolyzers has been highlighted in the literature [22]. To the authors’ best knowledge, 

investigations of the impact of temperature on multiphase transport in the flow channel and mass 

transport overpotential via in operando neutron imaging has not been reported in the literature. 

 

In this work, we investigated the impact of operating temperature on the multiphase flow 

behaviour in the LT-PEM electrolyzer anode flow channels using in operando neutron 

radiography to explain the duality of temperature effects on mass transport overpotential. We 

simultaneously captured the electrochemical performance and the visualization data, allowing 

characterization of the relationship between the gas distribution across the anode flow channels 

and the mass transport overpotential. Specifically, we quantified the evolution of the anode gas 

thickness in the flow channels at three operating temperatures (40 °C, 60 °C, and 80 °C) to 

identify the influence of temperature on mass transport overpotential. Furthermore, we coupled 

the imaging results with an analytical model to elucidate the mechanistic cause of mass transport 

overpotential-dependence on temperature. Additionally, to isolate and identify the dominating 
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fluid property for affecting two-phase flow as a function of temperature, we predicted the two-

phase pressure drop across the anode flow channels. Findings from this study reconcile the 

conflicting explanations of the effect of temperature on LT-PEM electrolyzers in the literature 

and suggest optimal operating conditions for enhanced performance of the electrolyzer. 

 

2.0 Methodology 

2.1 Electrolyzer cell assembly and testing setup 

A custom, single-cell PEM electrolyzer was designed for in operando through-plane (neutron 

beam perpendicular to the active area) imaging. The active area of the cell was 80 mm2 (5 mm in 

the direction of the reactant flow). The titanium flow field featured eight parallel channels 

separated by 1 mm wide ribs and the channels had a square cross-section with 1 mm sides.. The 

flow field was plated with 0.5 µm thick gold and 2.5 µm thick platinum to avoid the formation of 

a passive oxide layer. The operating temperature of the electrolyzer was controlled by a water 

circulation bath (Isotemp heated bath circulator, Fisher Scientific). In the electrolyzer, the water 

circulation channels were located in close proximity to the membrane electrode assembly (MEA) 

for precise temperature control. A commercial catalyst coated Nafion 1110 membrane with a 

cathode platinum areal density of 0.3 mg/cm2 and an anode iridium areal density of 1.0 mg/cm2 

(HYDRion N1110, Ion Power) were used, and a commercial 190 µm thick carbon paper (TGP-

H-060, Toray Industries) was used as the cathode gas diffusion layer. A 300 µm thick sintered 

titanium powder porous transport layer (PTL) with a porosity of 54 % was used. The anode 

porous transport layer and the cathode gas diffusion layer thicknesses were controlled during 

assembly using polytetrafluoroethylene (PTFE) gaskets with thicknesses of 229 µm and 178 µm, 
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respectively. Specifically, the anode PTFE gasket was prescribed a thickness that was 24 % less 

than the anode PTL to ensure sufficient good electrical contact at the anode. To ensure the 

membrane-electrode assembly does not become over-compressed, a thick membrane was used 

and the cathode PTFE gasket was prescribed to be 6 % thinner than the cathode gas diffusion 

layer. 

 

Deionized water was supplied to the anode compartment, and the flow rate was maintained at 

20 mL/min via a peristaltic pump (Masterflex L/S precision variable-speed console drive, Cole-

Parmer). The deionized water had a resistivity of 18 MΩ·cm, and was not recirculated. A pulse 

dampener was placed in-line downstream of the peristaltic pump to supply stabilized reactant 

flow to the electrolyzer. The reactant water was heated through an in-line heater (Watlow fluent 

inline heater 500 W, Zesta Engineering LTD.) prior to entering the electrolyzer cell. The 

temperature of the water was monitored using an in-line thermocouple (Type K thermocouple, 

Zesta Engineering LTD.), and the output power of the heater was controlled using a PID 

temperature controller (Zesta benchtop PID control & limit, Zesta Engineering LTD.). Nitrogen 

gas was supplied to the cathode (dry-cathode mode) to maintain a dry cathode compartment. We 

intentionally suppressed changes in cathodic liquid water content in order to ensure dynamic 

changes in our visualizations could be attributed to mass transport in the anode compartment. In 

a previous study, we determined that a cathode purge rate of 10 L/min N2 was sufficient for 

preventing liquid water accumulation in the cathode compartment [38]. The nitrogen purge rate 

was controlled by using a mass flow controller, and the tubing to the cathode compartment was 

heated to ensure that the purge gas temperature was maintained at the cell operating temperature. 

Direct current (DC) was supplied to the electrolyzer through a power supply (Genesys 750 W, 
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TDK-Lambda), and a potentiostat (IM6, Zahner) was used in potentiostatic mode to measure the 

high frequency resistance (HFR) of an operating cell with a frequency of 10 kHz. 

 

The electrolyzer cell was operated at 40 °C, 60 °C, and 80 °C. The operating temperatures were 

held below the saturation temperature (i.e. 100 °C) to mitigate the effects of water evaporation 

on the mass transport overpotential. The cell temperature was monitored using a thermocouple 

placed in the anode flow field, located 5 mm away from the active area. At each operating 

temperature, the electrolyzer was tested at three current densities, 1.0 A/cm2, 2.0 A/cm2, and 

3.0 A/cm2 (held for 20 minutes each). Although these current densities were not sufficiently high 

for mass transport overpotentials to dominate, we applied operating conditions that are 

commercially relevant (i ≤ 3 A/cm2 [6] and large water flow rates for cooling [24]) to investigate 

the significance of mass transport effects under commercially relevant conditions. During the last 

five minutes of each constant current operation, the HFR of the electrolyzer was measured at 

10 kHz. The cell potential was recorded using a custom test station at a rate of 1 point/second.  

 

2.2 Mass transport overpotential calculation 

Mass transport overpotential was calculated using the following relation: 

η���� �����	
�� = E
��� − E���������� − η
���
 − η������
  (1) 

where η���� �����	
�� is the mass transport overpotential [V], E
��� is the measured cell potential 

[V], E���������� is the reversible potential [V], η
���
 is the ohmic overpotential [V], and η������
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is the kinetic overpotential [V]. The reversible potential was estimated using the expression 

reported by LeRoy et al. [42] for water electrolysis: 

E���������� = 1.5184 −  1.5421 × 10�� ∙ T +  9.523 × 10�% ∙ T ∙ &'T +  9.84 × 10�( ∙ T) (2) 

where T is the operating temperature [K]. The ohmic overpotential in Equation (1), η
���
, was 

determined based on the current density and measured ohmic resistance using Ohm’s law: 

η
���
 = * ∙ R
���
 (3) 

where * is the current density [A/cm2], and R
���
 is the measured HFR [Ω·cm2]. The internal 

resistance (IR)-corrected cell potential was obtained by subtracting the ohmic overpotential from 

the measured cell potential. Suermann et al. [22] reported an IR-corrected cell potential with a 

linear behaviour at low current densities, where a fit to the Tafel line describes the kinetic 

overpotential as follows: 

η������
 = , ∙ log01( **1) 
(4) 

where  , is the Tafel slope [V/dec], and *1 is the apparent exchange current density [A/cm2]. In 

this work, the exchange current density and the Tafel slope were based on Tafel region 

measurements. For determining the Tafel region measurements, we varied the current density 

from 5 mA/cm2 to 300 mA/cm2, which was automated and supplied by a potentiostat 

(VersaSTAT 3, Princeton Applied Research, Oak Ridge, TN). 

 

We quantified the voltage efficiency of the electrolyzer to further elucidate the contribution of 

temperature-dependent overpotentials on the cell performance. The voltage efficiency was 

defined as follows: 
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ηv = 5678597&& × 100 % 
(5) 

where η� denotes the voltage efficiency of the cell [%]. 

2.3 Neutron radiographic imaging and processing 

In operando neutron imaging of the operating electrolyzer cell was performed at the Neutron 

Imaging Facility (BT-2) at the National Institute of Standards and Technology (NIST) in 

Gaithersburg, Maryland. The electrolyzer cell was oriented in the through-plane direction of the 

neutron beam, as shown in Fig. 1a. Specifically, the anode flow channels were imaged to 

elucidate the temperature-dependent two-phase flow behavior in the anode flow channels. The 

elucidated two-phase flow behavior allowed us to reconcile the duality of temperature effects on 

mass transport in the electrolyzer (i.e. effects of change in temperature-dependent fluid 

properties) and subsequently couple the temperature effects on mass transport with the mass 

transport overpotential determined from the analysis presented in Section 2.2. Neutron beams 

transmitted through the electrolyzer cell were absorbed and converted into visible light by the 

Gd2O2S:Tb scintillator. An Andor Neo scientific complementary metal-oxide semiconductor 

(sCMOS) sensor was used to detect the visible light emitted by the scintillator. The exposure 

time of each image was 60 seconds, and the pixel pitch was 6.5 µm for a resolution of ~20 µm. A 

radiographic reference image was obtained when the anode compartment was fully filled with 

liquid water, the cathode compartment was dry, and power was not supplied to the electrolyzer 

cell. Our cell included a total of eight channels, and the centrally positioned six channels were 

visualized (Channels 2-7, see Fig. 1b). 
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Figure 1: (a) A schematic of the neutron imaging setup: incident beam originating from a nuclear 
reactor traverses in the through-plane direction (beam perpendicular to the membrane). The 
attenuated beam meets the scintillator, and the scintillator emits visible light based on the 
intensity of the attenuated beam. The inset schematic (black-solid box) shows the geometry of 
the flow field and the membrane-electrode-assembly (MEA). The yellow-dashed box indicates 
the imaged region. (b) Processed image of the electrolyzer. The position of the active area is 
indicated by the shaded red region, and channels are numbered as shown. Gas thicknesses were 
quantified for the regions dashed in red. 

All of the obtained images were processed in the following sequence: (1) median combination of 

three images, (2) median filtering 3-by-3 pixels, (3) combined wavelet-Fourier filtering [43], (4) 

image registration [44], and (5) application of the Beer-Lambert law. The median combination 

step was used to remove gamma spots from the images. Gamma spots are noise artefacts that are 

spatially inconsistent among all images and originate from high energy photons generated as a 

by-product of neutron imaging. The median filtering step was used to eliminate hot spots, which 

were noise artefacts caused by the hardware (such as sCMOS) used in the experimental setup. A 

combined wavelet-Fourier filtering tool [43] was used to separate and eliminate the stripe-like 

artefacts from the original image. An image registration process [44] was used to account for the 

fluctuation of the beam source at the BT-2 beamline which otherwise caused a change in the 

intensity profile of the beam relative to the electrolyzer cell. Finally, the changes in intensity 

between the reference images and the operational images were quantified with the Beer-Lambert 
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law. The calibrated Beer-Lambert law reported by Hussey et al. [44] was used to quantify the gas 

thickness in the anode flow channels as follows: 

t<��- = >− ln(I I1⁄ )βC + ΣC)
4βC) − ΣC2βC 

(6) 

where EFGH is gas thickness [mm], herein termed gas thickness. In Equation (6), I is the pixel 

intensity from the operational images; I1 is the pixel intensity from the reference image; JK [-

0.00947 mm-2] and ΣK [0.38483 mm-1] are the calibration coefficients for water obtained from 

non-linear least square fitting [44]. A sample of a resulting processed image (prior to applying 

the Beer-Lambert law) is shown in Fig. 1b. The image shown in Fig. 1b is an average of 9 

images (i.e. 9 minutes) and the 9 images were captured after 10 minutes of operation at each 

constant current step. The exit gas thicknesses were in the regions highlighted by red-dashed 

boxes in Fig 1b (outside of the active area). By selecting regions outside of the active area, we 

directly correlated the pixel intensity to the presence of oxygen gas in the anode flow channels 

(where possible dynamics in the catalyst layer and membrane did not play a role).  

 

2.4 Two-phase flow modelling to examine uniformity of liquid water distribution 

Here, we present a one-dimensional (1D) analytical model for calculating the oxygen gas 

thickness at the exit of the anode flow channel with the assumption that the reactant liquid water 

is uniformly distributed along the channel. We hypothesized that the operating temperature can 

significantly influence the degree of liquid water distribution in the anode flow channels. During 

neutron imaging, the gas thickness was measured over a period of 60 seconds (exposure time) for 

each image, but the velocities of bubble and liquid water within each channel were not resolved. 
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Hence, an analytical model was developed to compare the gas thicknesses determined 

experimentally and analytically to examine the liquid water distributions expected in our 

experiments. The computational domain is illustrated in Fig. 2. 

 

Figure 2: Schematic outlining the parameters considered in the 1D analytical model to solve for 
theoretical gas thickness in the channels. This theoretical gas thickness assumes uniform reactant 
distribution and operating current density across the active area. Each term of the model is 
summarized in Table 1. The red-dashed box indicates the anode flow channel, which is the 
region of interest for the calculation. 

Following the procedure reported by Ito et al. [24], the mass flow ratio of gas and water (or 

quality) of the two-phase flow in the anode channels, LMNOPQ, was estimated using the following 

equation:  

x���
� = GTU,<��GWUT,�� − GWUT,

�� − GWUT,X��< − GWUT,X�YY + GTU,<�� 
(7) 

where GTU ,<�� is the theoretical oxygen mass generation flux [kg/(m2∙s)], GWUT,�� is the supplied 

water mass flux [kg/(m2∙s)], GWUT,

�� is the theoretical water consumption mass flux due to the 

oxygen evolution reaction [kg/(m2∙s)], and GWUT,X��< and GWUT,X�YY are the theoretical water 
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crossover mass fluxes due to electro-osmotic drag and diffusion, respectively [kg/(m2∙s)]. The 

details of each term are listed in Table 1.  

Table 1: Equations for the mass flux terms in Equation (7) [24]  

Mass Flux Term Equation 

GTU,<�� 
* ∙ Z[O\\ ∙ ]^U4 ∙ _ ∙ ' ∙ Z[NG``O\ 

GWUT,�� 
abU^ ∙ cbU^' ∙ Z[NG``O\  

GWUT,

�� 
* ∙ Z[O\\ ∙ ]bU^2 ∙ _ ∙ ' ∙ Z[NG``O\ 

GWUT,X��< (0.0134 × d + 0.03) * ∙ Z[O\\ ∙ ]bU^_ ∙ ' ∙ Z[NG``O\ 
 

In this work, we also considered the mass flux due to diffusion, GWUT,X�YY in Equation (7), due to 

the dry-state of the cathode compartment (due to dry-cathode mode operation, see Fig. 2). The 

mass flux due to diffusion was defined using Fick’s law: 

GWUT,X�YY = MWUT ∙ DC ∙ ρ���M��� ∙ (λ��
X� − λ
���
X�)t��� ∙ a��� ∙ A
���n ∙ A
������ 
(8) 

where MbU^ is the molecular weight of water [0.018 kg/mol],  kK is the Fickian diffusion 

coefficient of water across the membrane [m2/s], clOl is the density of the membrane 

[1980 kg/m3], MlOl is the molecular weight of the membrane [1.1 kg/mol], mG`PnO  and m[GMNPnO  

are water contents (mol water per mol sulfonic acid) of the anode and cathode side of the 

membrane, respectively,  ElOl is the membrane thickness [2.5 × 10-4 m], olOl is the membrane 

activity, A[O\\ is the active area [8.0 × 10-7 m2], ' is the number of channels, and A[NG``O\  is the 

cross-sectional area of each channel [1.0 × 10-6 m2]. The diffusion coefficient, kK in Equation 
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(8) was estimated based on the correlation reported by Motupally et al. [45] for liquid water 

transport through Nafion membranes:  

pDC =  3.10 × 10�q ∙ λ��� ∙ r−1 + e(1.)(tuvu)w ∙ e�)x�yz           λ��� ≤ 3 
DC = 4.17 × 10�( ∙ λ��� ∙ r1 + 161e(�tuvu)w ∙ e�)x�yz           λ��� > 3  

 

(9) 

 

 

 

where  mlOl is the water content of the membrane and was assumed to be an average of mG`PnO , 

and m[GMNPnO . The kK values in this work were assumed to be 1.92 × 10-10 m2/s, 3.07 × 10-10 

m2/s, 4.64 × 10-10 m2/s for 40 °C, 60 °C, and 80 °C, respectively. A value of 22 was assumed for 

mG`PnO  since the water uptake of a liquid water-equilibriated Nafion membrane has been shown 

to be 22 [45], and the anode was constantly supplied with liquid water in our study.  m[GMNPnO  was 

assumed to be zero, because the cathode was constantly purged with dry nitrogen. A sensitivity 

analysis was performed to examine the sensitivity of the model to this assumption, and the 

results are reported in the Appendix. Also, the activity of the membrane (olOl) was assumed to 

be 1, since the membrane was in contact with liquid water on the anode side. 

 

The theoretical gas thickness (E^U,MNOPQ) was calculated from the theoretical quality (LMNOPQ) 

using the following relation: 

x���
� = tTU,���
� ∙ ρTU ∙ AtTU,���
� ∙ ρTU ∙ A + (t
������ − tTU,���
�) ∙ ρWUT ∙ A 
(10) 

where c^U is the density of oxygen [kg/m3],  A is the area of the considered region for 

quantifying the gas thickness [mm2], E[NG``O\ is the depth of the channel [mm], and cbU^ is the 

density of liquid water [kg/mm3]. We modelled the theoretical gas thickness (E^U,MNOPQ) for a 
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range of operating current densities (0 A/cm2 ≤ i ≤3 A/cm2) and temperatures (40 °C, 60 °C, and 

80 °C) to simulate our experimental conditions. Ultimately, we used this model to evaluate how 

applicable the uniform liquid water distribution assumption was for our experimental conditions.  

2.5 Two-phase pressure drop calculation for determining dominating fluid property 

Previous researchers have reported various temperature-sensitive fluid properties that potentially 

affect mass transport overpotential in the electrolyzer (such as gas coverage in the electrode [21], 

gas density and surface tension [32], and water viscosity and wettability [22]); however, there is 

a lack of a consensus and any direct evidence linking these fluid properties to temperature-

dependent mass transport overpotential. Here, we outline our procedure for determining which 

fluid property dominates the two-phase flow behaviour in the electrolyzer by calculating the two-

phase pressure drops across the flow channels.  The two-phase pressure drop in flow channels 

has been validated as a diagnostic tool for mass transport losses in PEM fuel cell systems [46]. 

The pressure drop across the anode flow field is a key indicator for mass transport in PEM 

electrolyzers since permeation is one of the main mechanisms of liquid water transport [47]. We 

performed a fluid-property based sensitivity analysis to identify the property that drives the 

change in mass transport overpotential with increasing temperature. The two-phase pressure drop 

over a channel length was determined as follows: 

ΔPz� = ΔP�TL � (1 − x) ∙ ϕ�)dz�
1  

(11) 

where ΔPz� is the two-phase pressure drop across a channel [Pa], ΔP�T is the single-phase (liquid 

only) pressure drop across a channel [Pa], L is the channel length [m], and ϕ� is the two-phase 

multiplier [-]. We used the Lockhart-Martinelli correlation [48] to determine the two-phase 

multiplier (ϕ�), which is the fraction between the pressure drop with liquid-phase only. 
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ϕ�) = 1 + �� + 1�) 
(12) 

where � is the Chisholm parameter, and � is the Lockhart-Martinelli parameter. The Chisholm 

parameter is dependent on the superficial velocities of the liquid and the gas phase, and the 

Lockhart-Martinelli parameter is dependent on the density and the viscosity of each phase, as 

well as the quality. The correlation has been validated by Ito et al. [24] for quantifying two-phase 

pressure drop across PEM electrolyzer flow channels. The details on calculating each parameter 

are summarized in Table 2. 

Table 2: Lockhart-Martinelli parameter (X) and Chisholm parameters (C) [24]  

Flow Regime 
Lockhart-Martinelli Parameter (X) 

Chisholm  
Parameter (C) Liquid Gas 

Laminar Turbulent �1 − xx �0/) �ρFρ\ �0/) �μ\μF�0/)
 5 

Turbulent Laminar 0.075 ∙ ReH2O1.�q% �1 − xx �0/) �ρFρ\ �0/) �μ\μF�0/)
 10 

Laminar Turbulent 13.4 ∙ ReO2 �1.�q% �1 − xx �0/) �ρFρ\ �0/) �μ\μF�0/)
 12 

Turbulent Turbulent �1 − xx �1.(q% �ρFρ\ �0/) �μ\μF�1.0)%
 21 

 

Using the equations listed in Table 2, the Lockhart-Martinelli parameter and the Chisholm 

parameter were determined by inputing the experimentally measured quality and known fluid 

properties. The fluid properties used for the calculations are listed in Table 3. 

Table 3: List of fluid properties used for the quality calculations and the pressure-drop ratio 
calculation [49,50]  

 

Cell temperature, T
cell

  

40 °C 60 °C 80 °C 

Viscosity of water (×10-4) [Pa∙s] 6.53 4.66 3.54 
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Pressure drop assuming single-phase (ΔP�T) was calculated using the following equation: 

ΔP�T = CYt
������ ∙ L ∙ GWUT,��)
ρWUT  

(13) 

where CY is the friction coefficient based on the Reynolds number of the flowing liquid water [-]. 

A more in-depth calculation procedure is detailed in the Appendix. Liquid water was assumed to 

be uniformly distributed in each parallel channel, and the effects of gravity or compressibility 

were neglected in the calculation. Additionally, through sensitivity analyses of the two-phase 

pressure drop, we determined which fluid property that dominates the two-phase pressure drop. 

 

3.0 Results & Discussion 

We first discuss the experimentally determined ohmic, kinetic, and mass transport overpotentials 

for operating temperatures of 40 °C, 60 °C, and 80 °C and present the gas thicknesses in the 

anode flow channels measured via neutron imaging. We compare the imaging results with our 

theoretical calculations to evaluate the uniformity of liquid water distribution along the channel. 

We then report the two-phase pressure drop calculated using the Lockhart-Martinelli correlations 

to identify which temperature-sensitive fluid property dominates the mass transport 

overpotential.  

3.1 Temperature Dependence of Overpotentials 

Viscosity of oxygen (×10-5) [Pa∙s] 2.13 2.24 2.34 

Density of water [kg/m3] 992 983 972 

Density of oxygen [kg/m3] 1.25 1.17 1.10 
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The galvanostatic polarization curves for the electrolyzer demonstrated the relationship between 

increasing operating temperature and decreasing total overpotential (Fig. 3a). Specifically, while 

we observed a relatively constant ohmic resistance with increasing current density, we observed 

a notable decrease in ohmic resistance with increasing temperature (Fig. 3a). This decrease in 

ohmic resistance was attributed to the increased ionic conductivity of the membrane, which has 

been observed in previous works [51]. The change in electronic conductivity was assumed to be 

negligible, given the small thickness of the PTL and the relatively large thickness of the 

membrane. Furthermore, an identical cell assembly was used for all three operating 

temperatures, implying that a similar electronic resistance is expected. The ionic conductivity of 

the membrane was expected to increase with increasing temperature due to the changes in the 

activity of the membrane with increasing temperature [52]. Specifically, the independence of the 

ohmic resistance to the current density implies that the water content of the membrane did not 

significantly change with increasing current density, even though the cathode was actively dried. 

Koptizke et al. [52] measured an increase in ionic conductivity with increasing temperature when 

Nafion was submerged in liquid water, and they attributed this behaviour to the Arrhenius-type 

behavior of the Nafion membrane activity. These findings are also in agreement with the 

literature [51].  
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Figure 3: (a) Galvanostatic polarization curves and the ohmic resistances of the electrolyzer cell 
operated at 40 °C, 60 °C, and 80 °C. The decrease in ohmic resistance was a main contributor to 
the decrease in cell potential with increasing temperature in this experiment. We attributed a 
significant portion of this ohmic resistance decrease to the decreasing membrane resistance of 
the relatively thick membrane used (250 µm thick) as a function of increasing temperature. (b) 
Tafel plots for determining the kinetic overpotential. The Tafel region was considered from 
10 mA/cm2 to 100 mA/cm2, indicated between dashed grey lines. This range was justified by the 
slight lift-off of the iR-corrected cell potential from the Tafel line when i > 0.1 A/cm2 and by the 
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demonstrated Arrhenius relation (inset of (b)). (c) The trend in mass transport overpotentials with 
increasing operating temperatures. We observed a decrease in mass transport overpotential with 
increasing temperature. 

 

The kinetic overpotential in the operating cell was calculated from the IR-corrected cell potential 

in the Tafel region (Fig. 3b). In this work, the Tafel region was considered between current 

densities 10 mA/cm2 to 100 mA/cm2, as suggested by Suermann et al. [22] The measurements 

were repeated three times and were repeatable with a variation of ±1.3 mV, ±2.2 mV, and ±1.7 

mV in the iR-corrected potentials for 40 °C, 60 °C, and 80 °C, respectively. We observed a 

minor deviation of the IR-corrected cell potential from the extrapolated Tafel line for current 

densities greater than i = 100 mA/cm2, thereby verifying the appropriateness of our current 

density range for determining the Tafel parameters. Specifically, the minor deviation from the 

Tafel line indicated the presence of a mass transport overpotential for current densities greater 

than i = 100 mA/cm2, and for current densities below i = 100 mA/cm2, the electrolyzer 

performance was dominated by kinetic overpotentials. Additionally, we observed an Arrhenius 

relationship between the operating temperature and the apparent exchange current densities (Fig. 

3b inset), which further supports our Tafel parameter determination. We observed an increase in 

the apparent exchange current density (listed in Table 4), which indicates a decrease in kinetic 

overpotential with increasing temperature. Previously, the apparent exchange current density 

values were reported to be on the order of 10-6 to 10-7
 [22]. The difference between the values 

reported in this work and in the literature may have been due to the large dry nitrogen purge rate 

at the cathode compartment. A previous work [22] showed the dependence of the apparent 

exchange current density on gas pressure, where a larger gas pressure led to an increase in the 

apparent exchange current density. The effect of operating temperature on the apparent exchange 
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current density was outside the scope of this study, but future work may be pursued to 

understand how a dry-cathode mode affects the apparent exchange current density. These 

parameters were used to quantify the kinetic overpotential under all operation conditions tested 

in this study.  

Table 4: Measurement of parameters used for determining the kinetic overpotential. 

Cell temperature, T
cell

 

[°C] 
Tafel slope, b  

(× 10
-2

) [V/dec] 

Exchange current 
density, i

0
 

(× 10
-4

) [A/cm
2
] 

40 8.62 2.38 
60 9.15 6.28 
80 9.41 13.9 

 

Based on the measured cell potential, ohmic resistance, Tafel slope, and the exchange current 

density, the mass transport overpotential was determined and presented in Fig. 3c. The mass 

transport overpotential decreased with increasing operating temperature. At 3.0 A/cm2, when the 

temperature increased from 40 °C to 80 °C, the mass transport overpotential decreased by 25 % 

(from 0.48 V to 0.36 V). The trends in the dependence of mass transport overpotential on 

temperature are in agreement with results reported by Suermann et al. [22] Previous works 

[15,53,54] that employed an identical calculation method have discovered factors that mainly 

influence the mass transport overpotential, such as (1) the current density-dependent gas 

crossover, (2) proton transport resistance within the anode CL ionomer, and (3) mass transport 

within the anode CL. We detailed here a discussion of each factor that may affect our 

experimental results, to hypothesize the mechanism of the decrease in mass transport 

overpotential with increasing temperature in our experiment. 
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(1) Current density-dependent gas crossover: In this discussion, we assumed a negligible 

gas crossover effect, since a relatively thick membrane (i.e. N1110) was used, and the 

cell was operated at atmospheric pressure.  

(2) Proton transport resistance in the anode CL: This proton transport resistance has been 

shown to account for up to 21 % of the mass transport overpotential at 3 A/cm2
 [15], and 

could have played a significant role in the temperature-dependence of the mass transport 

overpotential. However, we observed up to a 19 % decrease in the overall mass transport 

overpotential when increasing the operating temperature from 40 °C to 60 °C, which is 

much greater than the reported temperature-dependence of proton transport resistance in 

the ionomer [15]. Specifically, an increase in the operating temperature from 50 °C to 

70 °C resulted in a decrease in ionic resistance in the anode CL ionomer by 30 %, which 

would account for the 6 % decrease in the total mass transport overpotential (assuming 

that the contribution of the ionic transport resistance in the anode CL ionomer to the mass 

transport overpotential is 21 %). 

(3) Mass transport within the CL: Mass transport in the CL has been shown to be a 

significant contributor to the mass transport overpotential [54,55]. Specifically, Schuler et 

al. [54] suggested that the liquid water transport from the PTL pores to the PTL/CL 

contact points via in-plane permeation of liquid water. As recently reported by Ziner et al. 

[30], the gas distribution in the PTL pores is significantly affected by the gas volume in 

the anode flow channels, which is expected to subsequently affect the liquid water 

transport within the catalyst layer.  
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We hypothesized that the decrease in the mass transport overpotential was mainly driven by the 

mass transport within the flow channel, the PTL, and the anode CL. Although the temperature-

dependence of the gas accumulation in the anode CL and PTL interface has been recently 

reported [31], the temperature-dependent two-phase flow in the anode flow channel has not yet 

been reported in the literature. 

 

It is also important to note that the mass transport overpotential reported in this work is relatively 

higher than the previously reported values [22]. We attribute the relatively higher overpotential 

to the following possible reasons: (1) the large flow field land widths relative to the active area 

may have caused non-uniform compression, and (2) low local flow rate of liquid water, which 

was employed to explore the limiting performance of the PEM electrolyzer. In this work, our 

focus was to fundamentally understand the effects of temperature on the mass transport 

overpotential by comparing relative the overpotential values determined via experiment. To be 

conservative, we did not draw any conclusions on the absolute values of the overpotentials, but 

rather we focused on the relative overpotential comparisons. 

 

We further elucidate the contribution of mass transport losses to the cell performance by 

determining the voltage efficiency of the electrolyzer (Fig. 4a). A significant improvement in the 

voltage efficiency was observed, where we observed a 7 % increase in the voltage efficiency 

from T = 40 °C to T = 80 °C at i = 3.0 A/cm2. This increase in voltage efficiency is attributed to 

decreases in kinetic, ohmic, and mass transport overpotentials, which were all strongly 

temperature-dependent (Fig. 4b). However, kinetic and ohmic overpotentials have been 
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extensively studied [21,22,56] and are closely associated with the materials used, such as the 

catalyst loading and the membrane thickness, respectively. On the other hand, the mechanistic 

cause of the mass transport overpotential, which contributed 28 % of the total overpotential (and 

> 20% throughout 1 A/cm2 ≤ i ≤ 3 A/cm2), remains relatively unknown, and presents a great 

opportunity for further increasing the voltage efficiency. 

 
Figure 4: (a) Voltage efficiency of the electrolyzer as a function of operating temperature. At i = 
3.0 A/cm2, we observed a 7 % increase in the voltage efficiency from T = 40 °C to T = 80 °C. (b) 
Breakdown of the overpotentials at i = 3.0 A/cm2. The dashed-line indicates the reversible 
potential, the brown, orange, and green arrows indicate kinetic, ohmic, and mass transport 
overpotential, respectively. Mass transport overpotential contributed up to 28 % of the total 
overpotential, which highlights a major opportunity for improving the voltage efficiency of the 
electrolyzer. 
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3.2 Higher Temperature Promotes Uniform Reactant Distribution 

The measured cumulative thickness of the gas phase in the beam path (herein referred to as gas 

thickness, or tgas) in each anode flow channel at an operating current density of 3.0 A/cm2 is 

presented in Fig. 5. The content of gas increased with increasing temperature for each channel, as 

shown in the neutron images (Fig. 5a-c) and corresponding gas thicknesses (Fig. 5d). The mean 

quantity of gas increased by 46 % (from 0.24 mm to 0.35 mm) when the operating temperature 

increased from 40 °C to 80 °C. Such a dramatic increase in gas thickness was particularly 

striking, since the number of oxygen molecules produced from the anode reaction depends solely 

on the operating current density. It could be hypothesized that the increase in gas thickness with 

increasing temperature was due to an increase in bubble size and detachment frequency in the 

anode channels, driven by the temperature dependent changes in fluid properties. Both the 

bubble size and detachment frequency can significantly affect the measured gas thickness since 

the gas thickness is measured over a prescribed time interval. Specifically, a larger-sized bubble 

travelling across the channel and a more frequent detachment frequency can manifest as a thicker 

layer of gas. The increase in gas thickness with increasing temperature may have also been 

influenced by additional factors, such as the decrease in surface tension and increased 

evaporation rate due to higher saturation pressure of liquid water. 
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Figure 5: Processed images obtained from neutron radiographs during operating temperatures of 
40 °C (a), 60 °C (b), and 80 °C (c) at an operating current density of 3.0 A/cm2; (d) Gas 
thicknesses in each channel shown in (a),(b), and (c). The error bars represent the 95 % 
confidence intervals. The mean exit gas thicknesses were 0.24 mm, 0.28 mm, and 0.35 mm for 
operating temperatures of 40 °C, 60 °C, and 80 °C, respectively. The error bars show 95 % 
confidence intervals based on the variation of thickness within each channel, and the value of the 
error bars was consistently ~ ±0.01 mm. We observed an increase in gas thickness with 
increasing temperature in the majority of channels. 
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We initially expected that the larger quantity of gas present in the anode flow channel would 

impede liquid water transport and lead to an increased mass transport overpotential. Ito et al. [24] 

reported that when the gas significantly occupies the volume of the channel, the supply of 

reactant water becomes severely restricted. However, the electrochemical data showed, 

unexpectedly, that when the operating temperature increased from 40 °C to 80 °C, the mass 

transport overpotential decreased by 25 %, despite the 46 % increase in gas volume. Additional 

factors may have also contributed towards the reduced mass transport overpotential despite the 

increased gas thickness in the channels. For example, the decrease in surface tension may have 

led to a higher frequency of bubble detachment, subsequently promoting the coalescence of gas, 

as demonstrated by Li et al. [57,58] A higher frequency would manifest as a larger gas thickness 

observed via neutron images. Additionally, an increase in the gas volume in the channel due to a 

decrease in surface tension or increase in evaporation rate can lead to a transition from bubble 

flow to slug flow in the channels. This scenario has been previously observed via optical imaging 

and electrochemical impedance spectroscopy with an accompanying decrease in the mass 

transport overpotential [25]. Here, we propose that the effect of enhanced liquid water transport 

was attributed to the favorable changes in fluid properties (such as decrease in water viscosity), 

which contributed to the decrease in mass transport overpotential. Specifically, the decrease in 

water viscosity is relatively significant compared to changes in any other fluid property (6.53 × 

10-4
 Pa (40 °C) and 3.54 × 10-4

 Pa (80 °C) [49]), and we expect this change in viscosity to 

produce an enhanced liquid water flow distribution across the anode flow channels 
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We examined this hypothesis by comparing our analytical model results with the experimental 

results (Fig. 6). Specifically, the theoretical predictions of gas thickness as a function of current 

density were calculated based on the assumption that the liquid water delivery to each of the 

parallel flow channels was uniform, and we determined that the gas generation rate across the 

active area was also uniform by directly comparing the modelling results with the measured gas 

thickness via neutron imaging. We quantified the deviations between the theoretical and the 

experimental gas thicknesses by calculating the root-mean-square deviation (RMSD), which was 

0.066 mm, 0.034 mm, and 0.025 mm for operating temperatures of 40 °C, 60 °C, and 80 °C, 

respectively. At the lowest operating temperature (40 °C), the mean quantity of gas exhibited 

relatively poor agreement with the theoretical curve (RMSD of 0.066 mm, Fig. 6a). This poor 

agreement suggested that the reactant delivery to the parallel flow channels and the gas 

generation rate were non-uniform. With a non-uniform water flow in each flow channel, the gas 

volume in each channel potentially varied significantly due to the varying rates of local gas 

generation [59,60]. Regions beneath water-starved channels do not have access to a sufficient 

supply of water, consequently manifesting as higher mass transport overpotentials [23].  
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Figure 6: Mean exit gas thickness determined from in operando neutron radiography 
visualization at operating temperatures of (a) 40 °C, (b) 60 °C, and (c) 80 °C. The error bars 
represent the 95 % confidence intervals. The dashed lines indicate the theoretical exit gas 
thickness determined from the analytical model, assuming uniform liquid water distribution to 
each parallel flow channel and uniform current density operation. The root-mean-square 
deviations between the experimental and theoretical data are 0.066 mm, 0.034 mm, and 
0.025 mm for 40 °C, 60 °C, and 80 °C, respectively. The theoretical and the experimental gas 
thicknesses at 80 °C exhibited the best agreement, whereas the theoretical and the experimental 
gas thicknesses at 40 °C exhibited the highest discrepancy, indicating a relatively uniform 
reactant delivery and local current density at higher temperature. 

Under the highest operating temperature condition (80 °C), the mean quantity of gas showed 

good agreement with the theoretical curve (RMSD of 0.025 mm, Fig. 6c). This close agreement 

suggested that the reactant delivery to the parallel flow channels and the local current densities 

were uniform at 80 °C. This comparison between our theoretical and experimental gas 

thicknesses supports the hypothesis of enhanced liquid water transport leading to reduced mass 
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transport overpotential. Specifically, the enhanced uniformity in the liquid water distribution 

across the parallel flow channels is expected to suppress local increases in mass transport 

overpotential, subsequently lowering the overall mass transport overpotential. These results 

complement our previous findings on temperature-dependent two-phase flow near the PTL-CL 

interface [31]. Specifically, a higher temperature operation led to a more uniform distribution of 

gas near the PTL-CL interface, and this was most likely affected by the uniform distribution of 

liquid water across the anode flow channels presented here. 

 

Under water starvation conditions (i.e. low stoichiometric ratio), the electrolyzer can experience 

high mass transport overpotentials [23,61]. In our work, we used a high overall stoichiometric 

ratio, thus water starvation was not expected. However, after comparing the experimental and 

numerical results, we propose that local variance in mass transport overpotential may exist due to 

the non-homogeneous distribution of liquid water in the parallel flow channels, which 

subsequently resulted in higher overall mass transport overpotentials at lower temperatures.  

3.3 Two-Phase Pressure Drop Decreases with Increasing Temperature 

Thus far, we have demonstrated the advantages of higher operating temperature on the even 

distribution of liquid water to the parallel flow channels. In this section, we identified the 

mechanism of even liquid water distribution by calculating the two-phase pressure drop across 

the flow channel as a function of both current density and temperature with the Lockhart-

Martinelli correlation. The pressure drop across the anode flow field is a key indicator for mass 

transport in PEM electrolyzers since permeation is one of the main mechanisms of liquid water 

transport [47].  
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As expected, we observed an increase in the two-phase pressure drop across the flow channels 

with increasing current density operation (Fig. 7a), which we attributed to the increasing product 

gas volume in the channel. In contrast, we observed a decrease in the two-phase pressure drop 

with increasing temperature. Surprisingly, the pressure drop decreased by 29 %, even though the 

mean gas thickness increased by 46 % when the operating temperature was increased from 40 °C 

to 80 °C at 3 A/cm2. This dramatic, temperature-dependent decrease in pressure drop illustrates 

that the fluid properties of the water dominate the two-phase pressure drop in comparison to the 

gas volume increase. Furthermore, the trends exhibited by the two-phase pressure drops (Fig. 7a) 

closely mirror the trends of mass transport overpotential (Fig. 3c), which justifies the two-phase 

pressure drop as a key parameter for characterizing two-phase flow in PEM electrolyzers. 

 

It is important to note that the reported relationship between gas quantity in the anode flow 

channels and the mass transport overpotential is inconsistent in the literature [24-26, 30]. Here, 

we demonstrate that the effect of gas quantity in the flow channels on the mass transport 

overpotential can be characterized more consistently within the field of PEM electrolyzer 

research via determining the two-phase pressure drop. The two-phase pressure drop is affected 

by the gas quantity in the channels, as well as the operating conditions (i.e. temperature) and cell 

design (i.e. channel dimensions); this indicator will enable us to characterize the mass transport 

overpotential across varying operating conditions and cell designs.   
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Lower pressure drops were observed at higher operating temperatures, and the error bars were 

larger for T = 40 °C relative to the error bars for T = 80 °C (Fig. 7a). The average error bar 

values were ±1.69 Pa, ±0.96 Pa, and ±0.87 Pa for T = 40 °C, 60 °C, and 80 °C, respectively. The 

larger error bar for T = 40 °C is significant because it indicates the existence of large pressure 

differences between each channel, which would be accompanied by non-uniform distributions of 

liquid water. Liquid water is expected to flow preferentially in channels that exhibit lower 

pressure drops. In contrast to the results for T = 40 °C, smaller error bars were observed at higher 

temperatures suggesting the presence of a more uniform distribution of liquid water across the 

parallel flow channels (as discussed in Section 3.2) due to a more uniform pressure drop across 

each channel (and lower overall pressure drop). This uniform distribution of liquid water is 

expected to prevent/suppress local increases in mass transport overpotential, consequently 

leading to lower overall mass transport overpotentials. 

 

We performed a temperature-sensitivity analysis of the fluid properties involved in the two-phase 

pressure drop (seen in Fig. 7b). The calculated two-phase pressure drop was most sensitive to the 

water viscosity (decreased by 46 % when the temperature was increased from 40 °C to 80 °C). 

Therefore, we attributed the experimentally observed decrease in mass transport overpotential 

with increasing temperature to the improved reactant delivery across the flow channels resulting 

from the decreasing water viscosity. Additionally, we observed that the two-phase pressure drops 

were relatively insensitive to gas density. The insensitivity to gas density suggests that the 

relative contribution of increasing gas content in the channels (driven by decreasing gas density) 

was insignificant relative to the relative contribution of enhanced water transport (driven by 

decreasing water viscosity). Furthermore, we observed a maximum decrease in pressure drop of 
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46 % (10.5 Pa) with decreasing water viscosity (as T increased from 40 ºC to 80 ºC) (Fig. 7b). In 

contrast, we observed a maximum increase in pressure drop of 23 % (3.1 Pa) with increasing 

current density from 1 A/cm2 to 3 A/cm2 (Fig. 6c). Therefore, the pressure drop was more 

significantly affected by the change in water viscosity than the change in gas content in the 

channels. Our combined observations from experiment and modelling demonstrated that 

increasing the operating temperature led to a decrease in mass transport overpotential, mainly 

due to enhanced homogeneity of water delivery across the anode flow channels (made possible 

by the decrease in water viscosity). Future work will include examining the effect of higher 

liquid water flow rates (> 20 mL/min) on the two-phase flow behaviour in the anode flow 

channels and the associated mass transport overpotential. 
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Figure 7: (a) Two-phase pressure drop across a single flow channel calculated using the 
Lockhart-Martinelli correlation. The error bars represent the 95 % confidence intervals. We 
observe a decrease in two-phase pressure drop with increasing temperature, a trend that closely 
resembles that of the mass transport overpotential (Fig. 3c); (b) Sensitivity analysis of the two-
phase pressure drop and temperature-dependent fluid properties. During the sensitivity analysis 
the fixed variables were based on T = 80 ⁰C and i = 1.0 A/cm2. We identified that the viscosity of 
water dominated the decrease in the two-phase pressure drop. 

4.0 Conclusion  

In this work, we examined the effect of temperature on the multi-phase flow behaviour and the 

associated mass transport overpotential of LT-PEM electrolyzers. We used in operando neutron 
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radiography to visualize an electrolyzer designed in-house operating over a range of 

temperatures (40 °C, 60 °C, and 80 °C) and current densities (1.0 A/cm2, 2.0 A/cm2, and 

3.0 A/cm2). We observed a 25 % decrease in the mass transport overpotential when we increased 

the temperature from 40 °C to 80 °C at 3.0 A/cm2. We attribute this decrease in mass transport 

overpotential to the more uniform delivery of liquid water to the catalyst layer, stemming from 

the enhanced two-phase flow behaviour in the flow channels. Despite this favourable and 

significant decrease in mass transport overpotential, our neutron radiographic visualization 

revealed a surprising 46 % increase in the quantity of gas with this temperature increase. To 

explain this counterintuitive result, we applied an analytical model of the gas channel and found 

that increasing the operating temperature encouraged a more uniform liquid water reactant 

distribution in the channel. We propose that the uniform distribution of liquid water to the 

parallel flow channels suppressed local increases in mass transport overpotential. Furthermore, 

we calculated the two-phase pressure drop across a single flow channel with the Lockhart-

Martinelli correlation and found the pressure drop decreased by 29 % when the operating 

temperature increased from 40 °C to 80 °C. Even though we calculated an expected increase in 

the gas content with increasing current density, ultimately, the two-phase pressure drop exhibited 

a dominating decrease with increasing temperature. Furthermore, the two-phase pressure drop 

varied more significantly between the parallel channels at lower temperatures, and at these lower 

temperatures, we expected a higher local  mass transport overpotential under channels which 

exhibited relatively high pressure drops. We performed a sensitivity analysis and found that the 

viscosity of water was the most influential fluid property affecting the pressure drop across the 

channel, thereby facilitating improved reactant delivery across the anode flow field. Our findings 
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support higher temperature operation, mainly owing to the decreased water viscosity enhancing 

the reactant delivery to the reaction sites.  

 

In conclusion, we reconciled the effect of temperature on PEM electrolyzers – while increasing 

the temperature led to a higher content of gas in the channels, ultimately, the decrease in water 

viscosity dominated the temperature-dependent influence on LT-PEM electrolyzer performance 

through the enhanced homogeneity of reactant water delivery and the associated reduction in 

mass transport overpotential. 
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6.0 Appendix 

Appendix A: Detailed Calculation Procedure of the Two-Phase Pressure Drop 

Here, we detailed the calculation procedure used in this study for determining the two-phase 

pressure drop values. The procedure was adopted from Ito et al. [24] and was also employed by 

the work of Garcia-Navarro et al. [47] 

 

Firstly, we determined the Reynolds number of the gaseous phase (Re<��), assuming the gas 

species is solely oxygen) and the liquid phase (Re���) in the anode flow channel using the 

following equations. 

Re<�� = GWUT,�� ∙ x ∙ t
������μTU  

 

(A.1) 

 

Re��� = GWUT,�� ∙ (1 − x) ∙ t
������μWUT  

 

(A.2) 

When Re < 1000, the phase was considered laminar, and when Re > 2000, the phase was 

considered turbulent. Then, based on the type of flow, the frictional coefficient of liquid water 

was calculated to determine the pressure drop assuming liquid only in the anode flow channels 

(ΔP�T): 

CY = 56.9ReWUT  when Re��� < 1000 

 

(A.3) 

 

CY = 0.3164ReWUT1.)%  when Re��� > 2000  
 

(A.4) 

Then, based on the flow type of each phase, the corresponding equations for determining the 

Lockhart-Martinelli parameter (X) as well as the Chisholm parameter (C) (listed in Table 2) were 
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used. The Lockhart-Martinelli and Chisholm parameters were then substituted into Equation (13) 

to determine the two-phase multiplier (ϕ�)). Finally, the two-phase multiplier (ϕ�)) and the 

pressure drop assuming liquid phase only (ΔP�T) were substituted into Equation (12) to 

determine the two-phase pressure drop (ΔPz�). 

Appendix B: Sensitivity of the Analytical Model to the Water Content in the Membrane 

Here, we analyzed the sensitivity of our analytical model to the water content in the cathode side 

of the membrane. Diffusion was accounted for in this work since the cathode side of the 

electrolyzer was actively dried with dry nitrogen at 10 L/min. In the manuscript, the cathode side 

of the membrane was assumed to be completely dry (i.e. λcathode = 0) to determine the water flux 

via diffusion across the membrane, since the cathode side was purged with dry nitrogen. 

However, due to electro-osmotic drag and diffusion, the true water content at the cathode side of 

the membrane is not expected to be zero in reality. 

 

From our numerical modelling analysis, we identified that the water diffusion across the 

membrane (i.e. GH2O,diff) had a negligible effect relative to the electro-osmotic drag of water 

across the membrane (i.e. GH2O,drag) (Fig. A.1a). To justify this assumption, we first assumed a 

dry membrane at the cathode side and an operating temperature of 80 °C, whereby we observed 

that GH2O,drag was higher than GH2O,diff when i > 0.15 A/cm2. The assumption of a dry membrane 

at the cathode side may not always be physically representative, since the water content at the 

cathode side of the membrane should also depend on current density due to the presence of 

electro-osmotic drag. However, we assumed a dry membrane assumption to simulate the largest 

diffusion rate physically possible, since the rate of electro-osmotic drag increases with increasing 
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current density (thereby acting to decrease the rate of diffusion across the membrane). We 

further confirmed the negligible effect of diffusion by comparing the results of our model with 

the experimental observations of the cathode side of the membrane when completely dry and 

when completely wet (Fig A.1b). An average difference of only 0.03 % was found between the 

two experimental results, which highlights the negligible effect of diffusion.  

 

 

Fig A.1.: Sensitivity analysis of the effect of water diffusion across the membrane on the 
analytical model results. (a) Comparison of water flux due to electro-osmotic drag (red) and 
diffusion (blue). (b) Comparison of the analytical model results assuming the cathode side of the 
membrane is fully wet (pink-dashed) and fully dry (purple-dotted). 
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