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Abstract 
 

Three dimensional (3D) printed, hierarchically porous nickel molybdenum (NiMo) 

electrocatalysts were synthesized and evaluated in a flow-through configuration for the hydrogen 

evolution reaction (HER) in 1.0 M KOH (aq.). 3D NiMo electrodes possess hierarchically porous 

structures owing to the resol-based aerogel precursor, which generates super-porous carbon 

aerogel as a catalyst support. Relative to a traditional electrode configuration, the unique flow-

through configuration allowed efficient removal of the hydrogen bubbles from the catalyst 

surface, especially at high operating current densities, and significantly decreased the 

overpotentials required for HER.  An analytical model that accounted for the electro-kinetics of 

HER as well as the mass transport with or without the flow-through configuration was developed 

to quantitatively evaluate voltage losses associated with kinetic overpotentials and ohmic 

resistance due to bubble formation in the porous electrodes.  The chemical composition and 

roughness factor (RF) were also systematically studied to assess the electrocatalytic performance 

of the 3D printed, hierarchically porous NiMo electrodes. In the flow-through configuration, a 

RF as high as 83,049 was obtained, and an average overpotential of 45 mV at 10 mA cm-2 was 

achieved over 24 hours. The unique flow-through configuration in the 3D printed electrode 

provided a versatile platform for producing high surface area electrochemical electrodes for 

efficient fuel forming reactions. 
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Introduction 

Hydrogen is one of the most a promising source of energy carriers for renewables and has 

been a focal point of clean energy research in recent years.1–10 Photoelectrochemical (PEC) and 

electrochemical approaches for hydrogen production from water electrolysis have advanced 

significantly in terms of conversion efficiency and stability.11 Extreme pH environment (e.g., 

pH=0 or pH=14) is the preferred reaction conditions for the water-splitting reaction due to the 

high conductivity of the electrolyte, low polarization loss associated with electrodialysis, and 

readily available polymer electrolyte membranes, such as cation exchange membrane (CEM) and 

anion exchange membrane (AEM).  In the acidic condition, platinum group metals (PGMs) 

including Pt, Ir and Ru are the most common electrocatalysts used to produce hydrogen in 

commercially available electrolyzers.3,6,12–14 A main advantage of using PGMs is the low 

overpotential for the hydrogen evolution reaction (HER). Previous reports of ~15-80 mV 

overpotential ranges have been recorded for HER at relevant current densities (10 mA cm-2) and 

are attributed to favorable kinetics at the electrode surface.15,16 Pt and IrOx are often used as the 

active materials in polymer-electrolyte-membrane (PEM) electrolysis systems operating at > 1A 

cm-2.17  While PGMs exhibit excellent catalytic activity for HER, the cost for these materials 

remains high.4,11 In the alkaline condition, low cost, earth-abundant materials, such as nickel 

molybdenum (NiMo) for HER or NiFeOx for oxygen evolution reaction (OER) exhibit excellent 

activity and stability.16,18–21 In particular, NiMo alloys have shown the most promise with 

overpotentials <50 mV, and in some cases lower than PGMs in alkaline conditions.1,16,29,30,20,22–28 

NiMo alloys are typically formed by electrodeposition or through drop-casting of pre-

synthesized catalyst inks onto conductive surfaces.5,26,31 Performance of these films is highly 

dependent on the surface area and morphology of the electrode. For instance, hierarchically 



4 

 

structured surfaces result in electrodes with increased current density at a given overpotential for 

water splitting, due to large electrochemically active surface areas (ECSA).25–28 Many reports of 

NiMo electrocatalysts involve deposition on flat surfaces (i.e., glassy carbon) which can limit the 

overall ECSA and lead to larger overpotentials while also blocking active sites due to bubble 

formation during HER.16,24 To overcome this issue, rotating disc electrodes (RDE) are often used 

to probe the intrinsic electrocatalytic performance of the material.32–34  By fabricating porous 

flow-through electrodes with large ECSAs, low overpotentials and high current densities can be 

achieved at high flow rates over long periods of time.35  

Recently, resorcinol–formaldehyde sol–gel chemistry has proven to be an efficient 

approach to produce carbon aerogels with super high surface areas.36 By combining versatile 

fabrication processes such as additive manufacturing (AM) or 3D printing with post-processing 

methods such as thermal activation, Chandrasekaran et al. produced 3D carbon aerogels with 

surface areas ~ 2000 m2/g.37 In other work, Liu et al. leveraged triblock copolymer (Pluronic 

F127) as a sacrificial template for resol-based polymer to demonstrate ordered mesoporous 

carbon with high surface area.38 Printable ink formulations were also developed successfully 

with multiple inorganic salts and multi-component metal oxides were synthesized by inkjet 

printing for quick screening of photocatalytic HER catalysts.39 

Herein, we report a 3D printed, hierarchically porous NiMo-based electrocatalyst in a 

flow-through configuration to dramatically increase the roughness factor (RF) and hence lower 

the overpotentials for HER. A record roughness factor, as high as 83,049, among reported 

electrochemical electrodes for HER or OER was obtained in the flow-through configuration, 

which can be attributed to the 3D hierarchically porous structure. Relative to a traditional planar, 

static electrode configuration, the flow-through configuration allowed efficient removal of 
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hydrogen bubbles from the catalyst surface, especially at high operating current densities, and 

significantly decreased the overpotentials required for HER. An analytical model that accounts 

for the electro-kinetics of HER as well as the mass transport with or without the flow-through 

configuration has been developed to quantitatively evaluate various factors for the reduced 

overpotentials. Bubble-induced ohmic loss accounted for most of the voltage loss at high 

operating current densities. We have also developed several optimization strategies to control the 

ink formulation and related elemental compositions of our electrochemical catalysts to reduce 

reaction overpotentials. 
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Results and Discussion 

Figure 1 shows a schematic illustration of the process flow for ink formulation, 3D 

printing, sol-gelation, and carbonization steps to create 3D NiMo-based electrocatalysts for use 

in a flow-through mode. The 3D orderly structure here provided an improved mass flow control 

as in a flow-through configuration. The sol-gel process and the following carbonization allowed 

us to fabricate a hierarchically porous structure with high surface area as demonstrated by SEM 

images in Figure 2. 

X-Ray diffraction (XRD) patterns of the prepared substrates, shown in Figure 2a, indicate 

mixed phases of Ni and MoO2 for all tested compositions. At a composition of 0.68 wt.% Mo, Ni 

and MoO2 peaks are present in the XRD patterns. As Mo precursor content increases to 1.8 wt.% 

and 3.03 wt.%, NiO and MoO2 peaks intensify and the cubic Mo phase is observed. In addition, 

the Mo peaks are shifted to larger 2θ values, indicating possible Ni-Mo alloy formation or solid 

solutions of the oxide phases (i.e., Ni1-xMoxOy).
40–42 We note that the bulk of the electrode is 

carbon, however, crystalline carbon phases (e.g., graphite) were not observed by XRD, which 

indicates the carbon is amorphous.   

Rough, porous surface features and nodules were observed via scanning electron 

microscopy (SEM) images (Figure 2b), while energy dispersive X-ray spectroscopy (EDX) 

mapping revealed Mo and Ni compositions dispersed throughout the bulk of the electrode 

(Figure 2). Upon closer inspection of the surface, increased Ni concentration was discovered in 

the nodules compared to the rest of the electrode (see Supporting Information file Figure S1). 

While Ni and Mo elemental compositions are found to be well dispersed throughout the 

electrode interior, the increased Ni content of the surface nodules and existence of several phases 

imply phase segregation. This porous morphology resulted in large ECSAs, as well as very large 



7 

 

roughness factors (RF), which is the ratio of ECSA and geometric surface area (see the 

Supporting Information file for calculations). 

 Flow-through electrodes using 3D printed NiMo substrates were fabricated as detailed in 

the Supporting Information file (Figure S2). After immersing the electrode in 1 M KOH 

electrolyte, several flow rates were tested while applying 10 mA cm-2 to the electrodes. As 

shown in Figure 3a, an overpotential of 60 mV was measured without electrolyte flow. The 

observed measurement was noisy due to the formation of H2 gas bubbles on the surface of the 

electrode. As the flow started, bubbles immediately left the surface and the overpotential 

decreased to ~40 mV, which then slowly increased with time. Further increases in flow rate from 

40 sccm to 215 sccm and from 215 sccm to 365 sccm had a much smaller impact on the 

overpotential of the reaction.  Therefore, we used a flow rate of 215 sccm in all flow-through 

measurements. Linear sweep voltammetry (LSV) measurements were performed with and 

without flow to determine mass transport limitations of the electrodes, as shown in Figure 3b. 

Stark differences were observed with or without electrolyte flow, especially at high operating 

current densities.  For example, at 500 mA cm-2, an overpotential of -0.36 V and -0.77 V was 

obtained with and without flow, respectively.  The flow-through electrode also allowed much 

higher current densities to be achieved without reaching the mass transport limiting current 

density.  An analytical model that accounted for the electro-kinetics as well as mass transport 

was developed to quantitatively understand the current-voltage characteristics of the electrode 

with or without electrolyte flow.  In the traditional electrode configuration without convective 

electrolyte flow, the generated hydrogen bubbles adhere to the electrode surface and reduce the 

ECSA for HER.  In addition, the coverage of bubbles can also cause the electrolyte resistance to 

increase, especially operating at high current densities. As a result, the bubble coverage in the 
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porous electrode can directly affect the ohmic resistive loss and kinetic overpotential in the 

system.43 We used a generalized potential partition (U) equation to account for the kinetic-

overpotential ( ) and the ohmic overpotentials due to electrolyte resistance (
0R ) and bubble-

induced resistance (
bubbleR ): 

0 bubbleU IR IR= + +                                                            (1) 

 

The activation overpotential η is predicted by the Tafel equation:  

)
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=       (2) 

where a is the Tafel slope and kept as a constant of -89.47 mV based on the flow-through 

experimental data.  The Tafel slope represents intrinsic kinetic data, which is constant for the 

without flow case.  j0(1-Θ) denotes the bubble-affected exchange current density. j0 is the 

exchange current density of the flow-through case ( 214.31 mA cm−− when Θ = 0). For the 

without flow case, Θ is determined according to the operation current density, j ,based on the 

following correlation44: 
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where Jmax represents the maximum current density, which is empirically chosen to correlate with 

the experimental data. The value of Jmax was set to 1000 mA cm-2 in the calculation. 

In the flow-through configuration without any hydrogen bubble buildup, resistance (R0) can be 

assumed to be a fixed value and equal to 0.88 Ω, and Rbubble is based on the experimental data, 

which was found to be 4.15 Ω in this study. As shown in Figure 3d, the ohmic resistive loss 
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becomes the dominating factor at an operating current density > ~200 mA cm2 in the flow-

through configuration. At 500 mA cm-2, the kinetic overpotential increased from ~285 mV to 

~310 mV due to the reduction of the ECSA when the electrolyte flow stopped, and the ohmic 

resistive loss due to bubble formation was ~360 mV, which accounted for the majority of the 

voltage drop in the traditional planar electrode configuration. 

A range of chemical compositions and RFs of the porous electrodes were evaluated in the 

flow-through configuration at an operating current density of 10 mA cm-2.  As shown in Figure 

4a, in electrodes with similar RFs, increasing the Mo content from 0.68 % to 3.03 % reduced the 

overpotential from 134 mV to 68 mV.  The improved catalytic performance in high Mo content 

electrodes agrees well with previous reports.16,31 Control experiments with 3D printed carbon 

electrodes (without NiMo), and flat NiMo electrodes without a flow-through configuration 

resulted in larger overpotentials of 524 mV and 209 mV, respectively (see Table S1). In the high 

Mo content electrodes, the RF of the porous electrodes was systematically varied by increasing 

the number of 3D printed layers or by changing the flow-through channel sizes. As shown in 

Figure 4b, a linear relationship between the overpotential and the Log (RF) was observed. Large 

RF values (as high as 83,049) were achieved in the flow-through electrodes. After observing the 

trends between RF and overpotential (Figure S3), we decided to perform electrochemical surface 

roughening by oxidizing the surface of the electrode through cyclic voltammetry (CV) in 1 M 

KOH. ECSA measurements were performed by CV scans (Figure S4) and a dramatic increase in 

the ECSA and RF was observed after oxidation (e.g., RF increased by a factor of 2.85) (Figure 

4c). Chronopotentiometry (CP) measurements (Figure S5) before and after oxidation of the same 

electrode showed that the increased RF led to lower overpotentials at 10 mA cm-2. XRD patterns 

before and after oxidation measurements are nearly identical, indicating that the phases present 
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were not changed by electrochemical oxidation (Figure S6), therefore we attribute the decrease 

of overpotential to increased RF. 

 Figure 5 shows the overpotential at 10 mA cm-2 as a function of time using an oxidized 

high Mo content porous electrode in a flow-through configuration. For the initial 12 hours, the 

measured overpotential was <50 mV, which gradually increased to ~ 70 mV after 24 hours as 

shown in Figure 5a.  An average overpotential of ~45 mV was observed during this 24-hour 

testing period. During this period, an average H2 Faradaic yield of 96% (±5%) was measured by 

gas chromatography (GC), indicating that the sole reaction was HER, with no observed side 

reactions (e.g., oxide reduction) (Figure 5b). The measurement was carried out for a total of 116 

hours, over which time the overpotential gradually increased to 122 mV (Figure S7). 
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Conclusion 

In summary, 3D printed, porous NiMo-based electrodes were evaluated in a flow through 

configuration for the hydrogen evolution reaction (HER) in 1.0 M KOH. The 3D printed 

electrodes exhibit uniform chemical composition with complex, multiscale interior and surface 

structure. As a result of their hierarchical and porous nature, the electrodes possess high surface 

areas and roughness factors (RFs). In electrodes with similar RFs, high Mo content electrodes 

exhibit the lowest overpotential at a current density of 10 mA cm-2. The flow-through 

configuration efficiently removed hydrogen bubbles from the electrode surface and, hence, 

reduced the voltage losses associated with kinetic overpotentials and ohmic resistances, which is 

especially apparent at high operating current densities and when comparing against a traditional 

flat electrode configuration. 3D electrodes prepared without a flow-through configuration exhibit 

lower RF values and therefore lead to larger overpotentials for HER. The current density-voltage 

characteristics of the same electrode in the traditional electrode configuration and in the flow-

through electrode configuration was compared side-by-side, and the current density-voltage 

behavior was fitted by a multi-physics model that accounted for electro-kinetics and mass 

transport within the porous electrodes. The simulation results show the bubble induced resistive 

loss is the largest voltage loss in the traditional electrode configuration, which is especially 

noticeable at high current densities.  Increasing the RF of the porous electrodes by increasing the 

number of 3D printed layers and by performing oxidative roughening further improved the 

electrocatalytic performance of the electrodes. A linear relationship between the overpotential at 

10 mA cm-2 and the Log (RF) was observed.  In the flow-through configuration, a RF as high as 

83,049 was achieved and an average overpotential of 45 mV at 10 mA cm-2 was realized over 24 

hours. This approach to create well-controlled 3D architecture combined with an advanced flow-
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through configuration provides a versatile platform that could prove valuable for a broad range 

of high-rate electrochemical reactions. 
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Table 1. State-of-the-Art NiMo-Based Electrodes for Hydrogen Evolution 
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Material Overpotential 

(mV) 10 mA cm-2 

Electrolyte Stability 

(h) 

Roughness 

Factor 

Flow 

Through 

Reference 

MoNi4 15 1 M KOH 10 18500 No 22 

Mo@MoNi 18 1 M KOH 1680 3722 No 28 

NiMo 30 1 M KOH 20 735 No 25 

Ni-Zn-CoO 53 6 M KOH 24 N/A No 30 

NiMo Nanopowder 70 2 M KOH 96 130 No 16 

Mo-Ni 38 1 M KOH 10 N/A No 20 

NiMo (a) 30 1 M NaOH 24 800 No 1 

NiMo (b) 130 1 M NaOH 24 1000 No 1 

NiMoCo 110 1 M NaOH 24 900 No 1 

NiMoFe (a) 130 1 M NaOH 24 900 No 1 

NiFe 120 1 M NaOH 24 4000 No 1 

Amine Modulated 

NiMo 

72 1 M KOH N/A N/A No 26 

3D Printed NiMo 

(High Mo) 

45 1 M KOH 24 83049 Yes This work 
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Figure 1. A schematic illustration of the process flow to produce 3D NiMo-based 

electrocatalysts. 
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Figure 2. (a) XRD patterns and (b) SEM/EDS of the 3D printed, porous NiMo electrodes. 
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Figure 3. (a) Impact of flow rate on the overpotential of the 3D printed, porous electrodes at 10 

mA cm-2 as a function of time. (b) The current density-voltage characteristics of the porous 

NiMo electrodes in a traditional electrode configuration (red) and in a flow-through 

configuration (blue). (c)The simulated contribution from kinetic overpotential and ohmic 

resistive loss in the flow-through configuration, and (d) simulated contribution from kinetic 

overpotential, ohmic resistive loss and additional bubble induced ohmic resistive loss in the 

traditional electrode configuration.  The experimental data curves in (c) and (d) are the 

experimental measurements from (b). 
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Figure 4. (a) Overpotential at 10 mA cm-2 as a function of Mo content. RF values for these 

electrodes are similar (see Table S1.) (b) Correlation between RFs and overpotential at 10 mA 

cm-2 (c) ECSA and RF values before (blue) and after (red) electrochemical oxidation. 
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Figure 5. (a) Chronopotentiometry (CP) measurements of NiMo electrode at 10 mA cm-2 for 24 

hours, and (b) the corresponding Faradaic efficiency for hydrogen. 

 


