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Abstract

Methanol, as a H, storage carrier, is a good option to tackle with the challenges of
H, storage and transportation. To improve hydrogen production and reduce energy
consumption, a new approach of electrified methanol decomposition (MD) by Joule
heating was investigated in this work. The conductive metal skeleton catalysts were
prepared using nickel foam (NF) as a catalyst support and employing a hydrothermal-
impregnation method to load the Cu/Zn active components. The catalyst heats up
rapidly upon energizing, and the heating rates reaches over 10°C/s. The Joule heating
method significantly promotes the methanol conversions of CuO-ZnO/NF, CuO/NF,
and ZnO/NF. Methanol conversion over CuO-ZnO/NF at 300°C under Joule heating is
over 80% higher than that of conventional external heating, while its energy
consumption is only 29% of that under external heating. As a result, methanol
conversion per unit power in Joule heating condition increases by 5.6 times compared
with that in external heating. The in/ex-situ characterizations reveal that the Joule
heating of metal skeleton catalyst promotes the lattice oxygen release of NF skeleton
and redox of Cu/Zn species, which generates an extra electrochemical effect on the
reaction. This study of Joule heating provides a new strategy of converting methanol to
H; in a more efficient, energy-saving, and flexible way, and has important application
potential in hydrogen energy and chemical energy storage (“Power-to-X").

Keywords:

Joule heating; Methanol decomposition; Hydrogen production; Metal skeleton catalyst;
Promoting mechanism
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1 Introduction

Currently, the large emission of greenhouse gases (main in the form of CO,) from
the combustion of fossil fuels is exacerbating serious global warming and energy crisis
[1, 2]. Hydrogen, as a zero-carbon and clean energy source, will play an important role
in powering carbon neutrality and tackling the environmental crisis [3]. However, its
low volumetric energy density and high diffusivity [4], pose major challenges in
hydrogen storage and transportation, greatly limiting the application of hydrogen
energy. Hydrogen storage media, such as methanol [5, 6], methane [7, 8], and ammonia
[9], combined with on-site catalytic hydrogen production technology, are considered a
promising and feasible approach. Among these, methanol is usually selected because
of its convenient storage, high H/C ratio, and the absence of C-C bonds [10, 11].
Particularly, the rising production of biological and zero-carbon methanol is beneficial
for the preparation of “green hydrogen” [12-14].

Methanol decomposition (MD) is the fundamental reaction for hydrogen
production from methanol. In recent years, copper-based catalysts have been widely
used due to their low cost, simple preparation, and high catalytic activity [15]. Among
these, Cu/ZnO/Al,O3 is one of the most common catalysts. The produced gases
(primarily H, and CO) can be directly burned in the internal combustion engine and gas
turbine for power and electricity [16]. However, several issues require further
investigation and improvement. Firstly, the catalytic activity of non-precious metal
catalysts, such as copper-based ones, is insufficient at low temperature [17, 18]. Hence,
improving the low-temperature activity of non-precious metal catalysts is highly
significant, as it can reduce the risk of deactivation and lower catalyst costs. Secondly,
MD is a highly endothermic reaction, and the decomposition of 1 mole methanol
requires the 90.2kJ energy input. For the thermal catalysis of MD, the indirect heating
method using an external heater is commonly used, but it suffers from the high heat
transfer resistance and large energy loss [19]. Thus, an energy-saving heating approach
is another important consideration, which has been usually ignored in the current
researches [20]. Thirdly, powder catalysts which are commonly used in current studies
cause the high flow resistance and inadequate heat and mass transfer in the catalyst bed
[21, 22], leading to reduce catalytic activity and catalyst deactivation due to the carbon
deposition [23].

In this work, a novel approach for electrified methanol decomposition using Joule
heating is proposed. The conductive catalyst is heated in-situ when an electric current
is applied, following the Joule’s law. The catalyst, acting as a heater, directly heats the
active sites and reactants, and plays the role of activating the reaction as well. This
method reduces heat transfer resistance and energy loss compared to the external
heating method [24]. Besides, the electrified catalyst may generate additional effect to
improve its catalytic activity [25]. In our previous work [26], this method was used to
activate the catalyst for volatile organic compounds (VOCs) removal. It was found that
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Joule heating improved VOCs conversion compared to external heating at the same
reaction temperature. In recent years, the Joule heating method is becoming a research
hotspot due to its multiple advantages of high catalytic activity, low energy loss,
flexible temperature control, and potential in chemical energy storage, such as in
“Power-to-X" applications [27, 28]. It has been used in methane steam reforming (MSR)
[29-31], VOCs purification [32-34], ammonia decomposition [35] and CO,
hydrogenation [36].

The proposed method of electrified methanol decomposition by Joule heating has
good potential to improve catalytic activity and reduce energy consumption. But until
now, no studies have been reported on Joule heating catalytic MD. Particularly, the
promoting mechanism of Joule heating is still unclear. The bifunctional material
serving as both catalyst and heater in this process require further investigation. Thus, in
this work, a 3D porous metal skeleton catalyst was developed using nickel foam (NF)
as the catalyst support, with Cu/Zn loaded via a hydrothermal-impregnation method.
The conductive metal skeleton catalyst produces in-situ Joule heating, and its regular
3D network structure and high porosity would reduce flow resistance and enhance mass
transfer [37, 38]. Besides, various catalysts, including CuO-ZnO/NF, CuO/NF, and
ZnO/NF, were compared under both Joule heating model and conventional external
heating model. The catalytic activity and energy consumption performances under
Joule heating and external heating were evaluated. Various ex-situ characterizations,
in-situ X-ray photoelectron spectrometer (XPS), and in-situ Raman spectroscopy were
applied to elucidate the promoting mechanism of Joule heating.

2 Materials and methods
2.1 Catalyst preparation

The nickel foam (NF, thickness 1.6mm, porosity PPI 110) is from Lizhiyuan
Battery Material Co., LTD in Shanxi, China. It was cut into strip-shaped pieces of 50
mmx20 mm. They were soaked in the Imol/L HCl solution for 20 min, then treated by
ultrasonic cleaning for 20 min with deionized water and anhydrous ethanol,
respectively. These steps were used to remove surface oxides and residual organic
impurities. The samples were dried in an oven at 80°C for 3 h, resulting in the
preparation of pre-treated NF pieces.

The CuO-ZnO/NF catalysts were prepared via a hydrothermal-impregnation
method (Fig. S1). Firstly, the pre-treated NF was added to a 0.03 mol/L ZnCl, solution
and transferred to a 150 mL polytetrafluoroethylene-lined autoclave. The autoclave was
sealed and heated at 180°C for 3 h. After cooling to room temperature, the sample was
rinsed at least three times with deionized water and dried in a vacuum oven at 80°C for
3 h. The resulting catalyst precursor was designated as Zn/NF-fresh. Then, the Zn/NF-
fresh was impregnated in a 0.1 mol/L CuCl,-2H,0 solution at room temperature for 3
h. The sample was rinsed several times with deionized water and dried at 80°C for 3 h.
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The obtained catalyst precursor was labelled as CuZn/NF-fresh. For comparison, the
pre-treated NF was directly impregnated in a 0.1 mol/L CuCl,-2H,0 solution to prepare
the Cu/NF-fresh catalyst precursor. The three precursors of CuZn/NF-fresh, Zn/NF-
fresh, and Cu/NF-fresh were calcined in a muffle furnace at 400°C for 1 h at a heating
rate of 10°C/min, followed by natural cooling to room temperature. The final catalysts
obtained were CuO-ZnO/NF, ZnO/NF, and CuO/NF, respectively (Fig. S2). All
chemical reagents used were of analytical grade and purchased from Aladdin Chemical
Co., Ltd. (Shanghai).

2.2 Catalytic performance evaluation

The catalytic performance evaluation system for MD is shown in Fig. 1a. During
the experiment, methanol was firstly injected into the vaporization chamber by a micro-
injection pump at a flow rate of 0.02 mL/min. The gas-phase methanol was carried by
the N, (purity 99.99%) gas with a flow rate of 50 mL/min, and flowed into the reactor.
After the reaction, the unreacted methanol and condensable products were removed by
the ice-salt baths and anhydrous ethanol. The produced gases were collected in a gas
sampling bag and then analyzed by a gas chromatograph equipped with a thermal
conductivity detector (TCD) and a flame ionization detector (FID).

The reactor was self-designed for the Joule heating model and external heating
model, as shown in Fig. 1b and c. A prepared catalyst (about 0.4 g) is fixed at the center
of a quartz tube reactor by using two copper electrodes which are positioned on either
side and connected to a DC power supply. In the Joule heating model (denoted as JH,
Fig. 1b), the metal skeleton catalyst generated Joule heating, with its temperature
controlled by adjusting the applied voltage within a range of 0 to 3 V. The power supply
was operated in constant voltage input mode. A K-type thermocouple was inserted into
the catalyst layer to measure the catalyst temperature in real time. In the external heating
model (denoted as EH, Fig. 1c), the catalyst was heated by an external fiberglass heating
band wrapped around the quartz tube, with no electric current applied to the catalyst.
Besides, the thermal insulation tape was wrapped outside the tube to reduce the heat
loss, which is not illustrated in the figure. All the tests were conducted at least three
times to ensure the accuracy.

After the experiments, methanol conversion rate (X pyeon), Hz yield (Yy,) and gas
selectivity (S, and S¢p) are calculated by using the following equations:

Fp X (Yco + Yco,) X 32
FXpx224x1000

Xmeon(%) =

FDXyH2

Meat

Yy,(mL-g=1-min~1) =



YH, N
Yu, +2XYycHh,

154 Su,(%) =

Yco %
Yco +Yco, + YcH,

155 Sco(%) =

156  where, Fp (mL/min) is the flow rate of decomposition gas, F (mL/min) is the feed
157  flow rate of methanol, p (g/cm3) is the density of methanol, m.q¢ (g) is the mass of
158  catalyst, and y; (%) is the volume fraction of decomposition gas.
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160  Fig. 1. (a) Catalyst performance evaluation system. Schematic diagram of (b) Joule
161  heating model and (c) external heating model.
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2.3 Catalyst characterizations

Grazing Incidence X-ray diffraction (GIXRD) patterns were performed on a
SmartLab 9 kW X-ray diffractometer, using Cu Ka radiation (A=1.5418 A), with an
incident angle of 0.5°, a step size of 0.01°, and a scanning speed of 5° per minute.
Raman spectra were obtained on a Fisher DXR2 spectrometer by employing a 532 nm
excitation source with a laser power of 2 mW. Scanning electron microscopy (SEM)
images were recorded on a Sigma 300 scanning electron microscope operated at 2 kV,
and equipped with an Aztec X-Max 80 energy-dispersive X-ray spectrometer (EDS)
detector. Transmission electron microscopy (TEM) measurements were performed
using a JEM-F200 field emission transmission electron microscope. X-ray
photoelectron spectroscopy (XPS) measurements were obtained on an AXIS SUPRA+
system with an Al Ka X-ray line (hv =1486.6 eV). The binding energy of the C 1s peak
at 284.8 eV was considered as an internal reference. Inductively coupled plasma mass
spectrometry (ICP-MS) measurements were performed using an iCAP TQ mass
spectrometer to determine the actual Cu and Zn loading amounts of catalysts. O,
temperature programmed desorption (O,-TPD) was performed using a ChemiSorb
2720 chemical adsorption analyzer from Micromeritics. The loading strength of
catalyst was tested using a YM-100PLUS ultrasonic cleaner.

In-situ XPS experiments were performed using a SPECS NAP-XPS near-ambient-
pressure X-ray photoelectron spectrometer from Germany, with an Al Ka radiation
source. Due to the power supply mode of the in-situ cell, the test could not provide the
current that met the actual experimental requirements. To ensure the safety of the
instrument, a current of 10 mA was used along with laser heating to maintain the
catalyst temperature stable at 300°C. The XPS spectra of the catalyst before, during,
and after the power supply were recorded. The obtained data were calibrated against
the Au 417, peak at 84.0 eV.

In-situ Raman experiments were carried out in a custom-made polyether ether
ketone (PEEK) reaction chamber. A catalyst with a diameter of 30 mm was tightly
pressed against the brass electrode using a quartz block. The reaction chamber was then
sealed, and N, (purity 99.99%) was passed through the catalyst in a top-to-bottom
direction. Before the test, N, was purged at room temperature for 10 min to remove
impurities, and the spectrum of the original sample was recorded. Then, the current was
incrementally adjusted every 20 min to obtain Raman spectra at 5 A, 10 A and 15 A.
During the test, a 5x5 um? plane was selected for scanning with a step size of 5 um.
The Raman spectra from the 4 obtained points were averaged to determine the overall
chemical structural characteristics of the catalyst.



198 3 Results and discussion
199 3.1 Catalyst structures

200 Crystal structures of ZnO/NF, CuO/NF and CuO-ZnO/NF catalysts are shown in
201  Fig. 2a. The peaks of metal Ni in NF substrate at 44.6°, 51.9° and 76.6° are clearly
202  observed [39]. Low intensity peaks of NiO are also detected owing to the oxidization
203  of surface metal Ni during calcination. For ZnO/NF and CuO-ZnO/NF catalysts, the
204  characteristic peaks of ZnO (JPCDS 70-2551) are observed at 31.9°, 34.5°, and 36.3°,
205  corresponding to the (100), (002), and (101) crystal planes, respectively. Similarly,
206  CuO (JPCDS 45-0937) peaks are observed at 32.5°, 35.6°, and 38.7° for CuO/NF and
207  CuO-ZnO/NF, corresponding to the (110), (002), and (111) crystal planes. The CuO-
208  ZnO/NF catalyst, prepared via a two-step method, exhibits reduced ZnO peak intensity
209  due to the coverage of surface Zn by Cu loading.

+ * Y
*Zn0 ; ae  af0\E AN b o g
+ CuO v ST T =] ¥ =
v Ni 2 LA - %
# NiO £

30 32 34 36 38 40
28(°)

- » L | + | Sé A 4R ‘A
CuO-ZnOINF! 3 3 K
+ *at Vi + A * OJL * ii +

CuO/NF

S 3 ZnO/NF
ZnoNFA &k fla | w0 i

20 30 40 50 60 70 80 90 1500 1200 900 600 300
Raman shift (cm™)

Intensity (a.u.)

Intensity (a.u.)
o) o)
c c
o ©
s g
Q
=z
m
619
437
341
7 295
96

A ?\i0.239nm
Anm. o cuo (111)

210

211  Fig.2. (a) XRD patterns of fresh catalysts. (b) Raman spectra of fresh catalysts. High-
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magnification SEM images (x40000): (c) ZnO/NF, (d) CuO/NF and (e) CuO-ZnO/NF.
(f) EDS mappings of CuO-ZnO/NF catalyst. TEM images of CuO-ZnO/NF catalyst:
(g) CuO crystal face and (h) ZnO crystal face.

The catalyst structure was further characterized by Raman spectroscopy. As
shown in Fig. 2b, the 540 cm! peak in all the catalysts corresponds to the longitudinal
optical phonon (LO) mode of NiO, attributed to defect structures [40]. The brod peak
at 1100 cm! is related to the lattice vibration of NiO [41]. In ZnO/NF catalyst, the peaks
at 96 cm™! (E,(low)) and 437 cm! (E,(high)) correspond to the lattice vibrations of Zn
and O in ZnO [42]. For CuO-ZnO/NF and CuO/NF catalysts, peaks at 295 cm! and
341 cm! are assigned to the A;, and By, modes of CuO, respectively [43]. The peak at
619 cm! (B,,) on CuO/NF catalyst corresponds to the stretching vibration of Cu-O [44].
Notably, the E,(high) peak of ZnO is also detected on CuO-ZnO/NF (Fig. S3),
confirming the coexistence of CuO and ZnO on the CuO-ZnO/NF catalyst surface.
Moreover, the Raman spectrum of CuO on CuO-ZnO/NF shows a redshift, possibly
due to the smaller Cu grain size compared with that on CuO/NF [45].

SEM images of ZnO/NF, CuO/NF, and CuO-ZnO/NF catalysts are shown in Fig.
2c-e and Fig. S4. The 3D porous structure of NF substrate is clearly observed in all
three catalysts (Fig. S4). A smooth, rod-like array is observed on the ZnO/NF catalyst
surface, confirmed as ZnO by EDS analysis (Fig. S5a). The ZnO rods have diameters
of 1~4 um and lengths of about 10 um. Differently, the CuO/NF catalyst exhibits
numerous CuO particles with edge lengths of 200~500 nm. However, the NF substrate
is etched after Cu loading (Fig. S4d and e), reducing its mechanical strength. The CuO-
ZnO/NF (Fig. 2e) catalyst prepared via a two-step method exhibits a unique
morphology of rod-like ZnO coated with CuO nanoparticles. The CuO particle size
(70~100 nm) is much smaller than that on CuO/NF, suggesting that Zn promotes CuO
dispersion. EDS mapping in Fig. 2f further confirms that CuO predominantly covers
the rod-like ZnO surface. TEM images of CuO-ZnO/NF are shown in Fig. 2g and h.
The parallel fringes with d-spacings of 0.253 nm and 0.239 nm corresponding to the
(002) and (111) planes of monoclinic CuO respectively are detected [46]. Meanwhile,
it observes the (002) plane of wurtzite-structured ZnO [47].

The element amounts of Cu and Zn determined by ICP-MS are listed in Table S1.
The results show that the Zn and Cu loading amounts in ZnO/NF and CuO/NF are 5.36
wt% and 16.99 wt%, respectively. While in CuO-ZnO/NF, the loading amounts of Zn
and Cu are 4.15 wt% and 8.47 wt%. Notably, the total and surface amounts of Zn and
Cu in CuO-ZnO/NF are lower than those in the single-metal catalysts, with Cu content
consistently higher than Zn. In the load strength test, the ZnO/NF, CuO/NF, and CuO-
ZnO/NF catalysts in Fig. S6 exhibited mass losses of 0.9%, 15.4%, and 3.3%,
respectively, after 10 min of ultrasound. The results show that the ZnO/NF catalyst,
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prepared by the hydrothermal method, demonstrates stronger bonding between the
metal coating and the support. In contrast, the impregnation method results in weaker
adhesion of the active metal due to the partial stripping of the NF skeleton.

3.2 Joule heating performance of catalyst

The Ni foam and prepared catalysts exhibit good electrical conductivity. Their
resistances at different temperatures are shown in Fig. 3a. They were calculated based
on the Ohm’s law and the voltage-current curves are shown in Fig. S7. The resistances
of catalysts consisting of NF covered by active metals are higher than that of the NF
substrate. It indicates that the current can flow through both the NF substrate skeleton
and the supported catalyst layer. Besides, the different supported metals influence the
resistance. The resistance of ZnO/NF is the highest, while CuO-ZnO/NF has higher
resistance than CuO/NF. With the rising of temperature from 200°C to 400°C, the
resistance of NF is stable, while those of the three catalysts are obviously increased
from 0.08 to 0.11 Q, as shown in Fig. 3a. The catalysts with the loading of Cu and Zn
become more sensitive to temperature.

Then, the Joule heating performances of these conductive catalysts are analyzed.
Fig. 3b illustrates the surface temperature distribution of the CuO-ZnO/NF catalyst
during in-situ Joule heating, which are captured by an infrared thermography. Owing
to the excellent thermal conductivity of NF, the region between the two electrodes
exhibits a uniform temperature distribution without any obvious transverse temperature
gradient. The catalyst is heated to 210°C when applying 15 A current and 1.40 V
voltage, whereas it reaches about 380°C with 18 A and 1.90 V.

The temperature curves of the heating processes at 15~18 A and the corresponding
cooling processes are shown in Fig. 3c. The temperature curves show the trend of
sharply increasing and then slowly turning stable. The catalyst exhibits excellent Joule
heating property. The temperature of CuO-ZnO/NF catalyst increases rapidly from
40°C to 300°C within 40 s when an 18 A current is applied. The heating and cooling
rates for the Joule heating model are calculated, and shown in Fig. 3d. It can be seen
that the maximum heating rate reaches about 12°C/s, and the corresponding maximum
cooling rate is about 17°C/s.

For comparison, the external heating method of CuO-ZnO/NF catalyst has been
tested, as shown in Fig. 3e. Its maximum heating rate is only 1.2°C/s which is
remarkably lower than that of Joule heating (12°C/s). The conventional external heating
method takes 10 times longer to reach the same catalyst temperature as Joule heating.
Similarly, its cooling rate is much slower, likely due to high heat transfer resistance
between the external heater and catalyst. As a result, the external heating model just
completes 1 start-stop cycle from 40°C to 300°C, while the Joule heating can complete
8 cycles in the same time (Fig. 3e). Joule heating exhibits significantly faster heating
and cooling rates compared to external heating, confirming its high efficiency and rapid



290  response in electricity-to-heat conversion. Besides, Fig. 3f shows the relationships
291  between catalyst temperature and input power for both heating methods. The power-
292  temperature factor (PTF) of Joule heating over CuO-ZnO/NF is 9.5°C-W-!1, while that
293  of external heating is only 3.0°C-W-!. This indicates that Joule heating requires
294 significantly less electricity input than external heating to reach a specific catalyst
295  temperature. The Joule heating of catalyst is an energy-saving way, which will be
296  discussed in detail in the next part.
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297  Fig. 3. (a) Resistance-temperature curves of catalysts. (b) Infrared thermograph of the
298  system consisting of a CuO-ZnO/NF catalyst and two electrodes at 15~18 A. (c) The
299  temperature curves of the CuO-ZnO/NF catalyst at 15~18 A input current. (d)
300 Derivative curves of the CuO-ZnO/NF catalyst temperature with respect to time at
301  15~18 A. (e) Temperature start-stop response curves of the CuO-ZnO/NF catalyst
302  under different heating methods. (f) Temperature response to input power under Joule
303  heating and external heating.

304 3.3 Catalytic performance and energy consumption

305 The catalytic performance of MD under Joule heating and external heating was
306 evaluated with the increasing of reaction temperature. The results of CuO-ZnO/NF,
307  ZnO/NF, and CuO/NF catalysts are shown in Fig. 4a-c, respectively. The methanol
308  conversion rate and H, yield increase gradually with rising temperature. It is worth
309 noting that catalytic performances of the three catalysts are significantly enhanced
310  under Joule heating compared to external heating. Among them, the CuO-ZnO/NF
311  catalyst under Joule heating exhibits the highest catalytic activity and H, yield, with the
312  methanol conversion rate of 82.5% and the H; yield of 45.4 ml/g.,/min (Fig. 4d) at
313  360°C. The gas products primarily consist of H,, CO, and trace amounts of CO, and
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CH,. As shown in Table S2, Joule heating achieves higher selectivity for H, and CO,
along with a higher H,/CO ratio, at temperatures below 300°C. This suggests that Joule
heating effectively suppresses the formation of gaseous byproducts at low temperatures.
Furthermore, the catalytic performance of NF substrate was also evaluated. As shown
in Fig. S8, its methanol conversion rate is less than 2% by external heating, and that of
Joule heating slightly increases but is still below 5%. This suggests that the metals of
Cu and Zn are the main active sites for MD.

Besides, the Joule heating method remarkably enhances the catalytic activity for
MD. As shown by the red dotted line in Fig. 4b, the methanol conversion rate over
ZnO/NF catalyst under Joule heating at 300°C (16.4%) is about 10 times higher than
that under external heating (1.7%). The enhancing effect of Joule heating initially
increases with temperature but decreases at higher temperatures, particularly below
300°C. If replacing the external heating by Joule heating, the Ts, (Tx represents the
corresponding catalyst temperature when methanol conversion rate reaches X%) for
CuO-ZnO/NF and CuO/NF catalysts is reduced by 41°C and 56°C, respectively. The
T,y of ZnO/NF catalyst is reduced by 65°C. It indicates that the Joule heating method
can improve the low-temperature activity of catalysts, and is helpful to lower the
reaction temperature required for MD. Moreover, the promoting effect of Joule heating
is more pronounced for ZnO/NF catalyst compared to CuO/NF and CuO-ZnO/NF.
There exists a strong interaction between active metals and Joule heating. The type of
active component influences the promoting effect of Joule heating.

The apparent activation energy (E,) for MD in both Joule heating and external
heating conditions was calculated, as presented in Fig. 4e and Table S3. The E, of CuO-
ZnO/NF (34.45 kJ/mol) and ZnO/NF (83.89 kJ/mol) under Joule heating is lower than
that under external heating (45.28 kJ/mol for CuO-ZnO/NF and 96.77 kJ/mol for
ZnO/NF). But the E, of CuO/NF (58.86 kJ/mol) in Joule heating is higher than that in
external heating (48.70 kJ/mol). These results show that CuO-ZnO/NF and CuO/NF
has higher catalytic activity than ZnO/NF due to their lower apparent activation
energies. Compared with the external heating, Joule heating reduces the Ea for CuO-
ZnO/NF and ZnO/NF. Interestingly, the Joule heating increases the E, of CuO/NF while
obviously enhancing its methanol conversion rate. From the Arrhenius equation, it is
well known that the E, value and reaction temperature are two separate factors
influencing the reaction rate. The E, in heterogeneous catalysis is mainly influenced by
the catalyst which determines the reaction pathway. Therefore, the changing of E, is
attributed to the evolution of catalyst property under the Joule heating. Besides, the high
methanol conversion rate under Joule heating is due to both the lower Ea and the
“hotspots” phenomenon, which creates localized high temperatures at the contact
surface of catalyst particles [48-50]. These promoting effects of Joule heating will be
further discussed in Part 3.4.

The catalytic stability of CuO-ZnO/NF at 300°C was evaluated. As shown in Fig.
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366
367 In addition to Joule heating and external heating, two hybrid heating models
368  combining both were tested. Four heating models of CuO-ZnO/NF catalysts were
369 evaluated by adjusting the proportions of Joule heating and external heating to maintain
370 the catalyst temperature at 300°C. The input energy proportions and test conditions are
371 detailed in Fig. S9 and Table S4. From Model I to Model IV, the proportion of external
372  heating gradually decreases, while the proportion of Joule heating correspondingly
373  increases from 0 to 100%. As shown in Fig. 5a, methanol conversion gradually
374  improves with the increase of voltage. The methanol conversion rate under Joule
375

heating at 300°C is 1.88 times higher than under external heating. The high proportion
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of Joule heating not only enhances catalytic activity but also saves energy. Joule heating
(Model IV) requires only 27.3 W of total input power, remarkably lower than the 94.6
W needed for external heating (Model I). At 300°C, Joule heating consumes only 29%
of the energy used by external heating. Thus, the methanol conversion per unit power
sharply increases from Model I to Model IV, with Joule heating achieving 6.6 times
higher than external heating.
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(a) Methanol decomposition performances over CuO-ZnO/NF catalyst under four
heating models (T=300°C: I, external heating; II, hybrid heating 1; III, hybrid heating
2; IV, Joule heating). (b) Energy balance diagram. (c) Distribution of Energy loss.

To elucidate the distribution of energy consumption, the heat transfer calculation
has been conducted. As shown in Fig. 5b, the total input energy, including Joule heating
and external heating, is counterbalanced through various paths: forced convection
within the tube, heat transfer between the quartz tube and heating band, free convection
external to the tube, tube exterior radiation, heat capacity of gas flow, and reaction heat
required for MD [33, 37]. Fig. 5c and Table S5 show the heat losses under the above
four heating modes. The Joule heating method significantly reduces heat loss from free
convection and radiative heat transfer. As shown in Fig. S10, when maintaining the
same catalyst temperature and increasing the Joule heating ratio by 25%, it reduces the
surface temperature from 283.7°C (Model I) to 173.2°C (Model II). As the input voltage
increases, both the input energy and the reactor surface temperature gradually decrease.
When replacing external heating with Joule heating (Model IV), the surface
temperature of the reactor reduces by over 200°C. This difference results from the
distinct heating mechanisms. In Joule heating model, the catalyst is directly heated by
itself when current is applied, and the heat transfers outward from the catalyst to the
reactor. In contrast, external heating uses a fiberglass heating belt wrapped around a
quartz tube to transfer heat inward. The heater temperature exceeds that of the catalyst
due to the heat transfer resistance. The lower surface temperature under Joule heating
significantly reduces the energy loss of external free convection and radiative heat
transfer. Therefore, Joule heating is an efficient heating method with less energy
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consumption.
3.4 Promoting effects of Joule heating

Compared with the external heating, Joule heating remarkably improves the
conversion of MD. To clarify the promoting effect of Joule heating, the ex/in-situ XPS
and in-situ Raman were conducted. Three catalysts were treated under Joule heating
and external heating for 1 h in pure N, at 300°C. Their XPS spectra and elemental
proportions are shown in Fig. 6 and Table S6. The binding energy of Zn 2p;), is
approximately 1021 eV. Given the minimal binding energy difference between Zn° and
Zn?* in the 2p orbital, the Auger spectrum is utilized to ascertain the chemical state of
Zn. As shown in Fig. 6a, the Zn LMM Auger spectrum displays two distinct peaks,
assigned to Zn?* at 987.8 eV and Zn® at 991.1 ¢V [46, 51]. The Cu 2p peak pattern in
Fig. 6b exhibits a strong satellite peak between 938 eV and 946 eV, which indicates the
presence of Cu®* on the catalyst surface [52]. The Cu 2p;, peak near 933.8 eV was
deconvoluted, with peaks at 934.4 eV and 933.0 eV attributed to Cu?>" and Cu*/Cu?,
respectively [53]. Combined with the O 1s XPS spectrum in Fig. 6¢, the subpeaks at
532.0 eV, 530.9 eV, and 529.3 eV correspond to adsorbed oxygen species (O,q) and
lattice oxygen (Oy,) in Zn-O and Ni-O, respectively [54, 55].
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Fig. 6. XPS spectra of three catalysts after Joule heating and external heating: (a) Zn
LMM, (b) Cu 2p and (c) O 1s. In-situ XPS spectra of CuO-ZnO/NF catalyst under
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electrification: (d) Zn LMM, (e) Cu 2p and (f) O 1s.

For the ZnO/NF catalyst, the Joule heating increases the proportion of Zn?* from
62.1% (under external heating) to 68.5%, and correspondingly decrease the proportion
of Zn®. The O 1s spectrum shows that Joule-heated catalyst exhibits a higher
concentration of reactive oxygen species and Zn-O lattice oxygen, while the proportion
of Ni-O lattice oxygen decreases. It indicates that Joule heating promotes the oxygen
transferring from Ni-O lattice oxygen to the adsorbed oxygen and Zn-O lattice oxygen
species, thus forms more adsorbed oxygen and ZnO. It is reported that the adsorbed
oxygen would promote the adsorption of methanol on the ZnO stepped surface and
reduce the potential barrier of O-H bond dissociation [56, 57]. Furthermore, the
formation of ZnO on catalyst surface offers more active sites for methanol adsorption
and dissociation, thus significantly enhances the catalytic reaction activity. This
conclusion is supported by O,-TPD experiments. As shown in Fig. S11, three types of
desorption peaks can be observed. The peak below 150°C corresponds to physically
adsorbed oxygen, the broad peak between 300-500°C belongs to chemically adsorbed
oxygen, and the peak near 600°C is attributed to lattice oxygen [58-60]. Compared to
external heating, the ZnO/NF catalyst treated with Joule heating exhibits a larger peak
area for chemically adsorbed oxygen and a reduced peak area for lattice oxygen. This
indicates that Joule heating promotes the release of lattice oxygen into adsorbed oxygen,
which is consistent with the XPS results.

For the CuO/NF catalyst, its O 1s spectrum in Fig. 6¢ displays two distinct peaks
at 531.1 eV and 529.4 eV, which are assigned to O,q and Oy, (including Cu-O and Ni-
0), respectively. Joule heating slightly increases the proportions of Cu?" and Oy,
proving its ability to stimulate the release of bulk phase lattice oxygen to oxidize surface
Cu species. Compared with ZnO/NF catalyst, Joule heating of CuO/NF has less effect
on active metals and oxygen species. It has reported that the reductive Cu (Cu* and Cu®
species) has higher catalytic activity than CuO with regards to the adsorption and
activation of methanol molecules [53, 61]. Theoretically, Cu oxidization would
decrease its activity. The kinetic analysis in Section 3.3 also reveals that the E, of MD
over CuO/NF is elevated under Joule heating. However, the methanol conversion under
Joule heating is significantly higher. Under Joule heating, the current flows through the
NF and supported metals. Since electrical resistance changes with the microstructure of
catalyst, the Joule heating power differs across the catalyst positions. CuO/NF contains
large amount of CuO nanoparticles, and the high contact resistance among particles
generates “hot spots” at their contact surfaces when an electric current is applied [48-
50]. These “hot spots” exhibit local temperature higher than the average temperature
measured by a thermocouple. Different from the external heating, local temperature rise
effect of the “hot spots” in Joule heating is an additional factor to promote methanol
conversion.
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In the case of CuO-ZnO/NF catalyst, compared with the samples in external
heating, the proportions of Cu*/Cu® and Zn?>" on the catalyst surface increased after
Joule heating as listed in Table S6. This shows that Joule heating promotes the reduction
of Cu and the oxidation of Zn (Eq. (3)), and oxygen migration occurs between Cu and
Zn, which would increase the number of active sites on the catalyst surface and enhance
the methanol conversion. As mentioned above, no reduction of Cu is observed in the
CuO/NF catalyst. It indicates that the addition of Zn promotes the reduction of Cu,
and these two active metals have a synergistic effect in CuO-ZnO/NF catalyst.
Meanwhile, Joule heating promotes the oxidation of Zn and thus prevents the formation
of CuZn alloy, which inhibits the deactivation of catalyst. Studies have shown that the
CuZn alloy exhibits low catalytic activity [51].

Cu?* + Zn®-Cut/Cu® + Zn?+

Table 1

Surface atomic composition and ratio of CuO-ZnO/NF catalysts during electrification
determined by in-situ XPS. (%)

Cu2p Zn LMM O 1s
sample
Cu?* Cu*/Cu® Zn** Zn° 0.4 O
OmA 24.8 75.2 65.4 34.6 28.1 71.9
10mA 18.0 82.0 66.7 333 23.7 76.3
OmA again 22.5 77.5 70.4  29.6 16.7 83.3

To further clarify the mechanisms, in-situ XPS analysis was conducted to analyze
the change of CuO-ZnO/NF catalyst during electrification, and the results are shown in
Fig. 6d-f and Table 1. It indicates that the Cu species are reduced and the Zn species
are oxidized when applying a small current of 10 mA. These are consistent with the ex-
situ XPS results of the catalyst treated by Joule heating for 1 h at a high current of about
17 A. When turning the power off, the valence states of Cu and Zn keep stable. The
effect of electrified catalyst is an irreversible cumulative process. Notably, the Joule
heating power in in-situ XPS (less than 0.2 mW) is too low to heat the catalyst. But
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even a small current (10 mA) also alters the surface characteristic of active metals.
These prove that except for Joule heating, the electrified catalyst when a current flows
through a catalyst has an extra effect on the active sites, thus change its catalytic
performance.

In-situ Raman was further performed to investigate the change of surface metal
properties under different currents. Because the current in-situ cell cannot meet the
requirements of Joule heating, a new cell equipped with two electrodes, gas inlet and
outlet, etc. was self-manufactured, as shown in Fig. 7a and Fig. S12. The in-situ Raman
spectrum of catalysts under Joule heating in an N, atmosphere is shown in Fig. 7b-d.
On ZnO/NF catalyst, the intensities of Raman peaks at 96 cm™! and 434 cm™! in Fig.7b,
corresponding to the crystal lattice vibrations of Zn-O, strengthen gradually with the
increasing of electric current from 0 to 15 A. Besides, the proportions of peak area are
calculated on the normalization method. As shown in Fig. 7e, the proportions of peaks
at 96 cm’! and 434 cm! increase, while those of peaks at 540 cm™! and 1100 cm™!
corresponding to the defect structure and lattice vibration of NiO decrease with the
increasing of current. Combined with XPS results, it reveals that Joule heating of
ZnO/NF catalyst promotes the releasing of lattice oxygen in NiO and generates more
Zn0O. Raman peaks and their proportions on CuO/NF under various currents are shown
in Fig. 7c and Fig. S13. There has little difference when applying different currents.
The CuO/NF catalyst is stable during the Joule heating treatment. For CuO-ZnO/NF
catalyst, when focusing on the rod-like structure, a weak peak at 203 cm’,
corresponding to Cu,O [62], increases with the effect of high current (the upper part of
Fig. 7d and f). Besides, when examining a site on NF substrate, the peak at 294 cm™!,
corresponding to the CuO lattice vibration (Aj,), gradually decreases with the
increasing of current as displayed in the lower part of Fig. 7d and f. It confirms that
Joule heating can promote the reduction of Cu species on CuO-ZnO/NF catalyst.
Compared with CuO/NF, the addition of Zn enhances the effect of Joule heating on Cu
species.
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Fig. 7. (a) Diagram of a self-designed in-situ Raman reactor for Joule heating. In-situ
Raman spectra under various currents of Joule heating: (b) ZnO/NF, (¢) CuO/NF and
(d) CuO-ZnO/NF. Normalized intensity of peaks during Joule heating: (e) ZnO/NF
catalysts at 96 cm™!, 434 cm™!, 540 cm™! and 1100 cm™'; (f) CuO-ZnO/NF catalysts at
203 cm™! and 294 cm™.

According to the above ex/in-situ characterizations, the promoting effects of Joule
heating on methanol decomposition are summarized, as shown in Fig. 8. Firstly, the
Joule heating can modify the catalyst structure as the electric current flows through the
NF substrate and active metals. It has confirmed that the electrified ZnO/NF catalyst
promotes the release of lattice oxygen (Oy,) from the NF matrix and generates more
surface adsorbed oxygen (O,q) and ZnO to improve methanol conversion. With regards
to the bimetallic CuO-ZnO/NF catalyst, Joule heating facilitates redox reactions
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between Cu and Zn species, which forms more active sites of ZnO and Cu®/Cu® for
MD. Secondly, Joule heating generates “hotspots” at high-resistance particle contact
surfaces, as shown by the red area among particles in Fig. 8. For the CuO/NF catalyst,
Joule heating promotes Cu oxidation and increases activation energy. However, the
local temperature rise at hotspots enhances methanol conversion. The localized high-
temperature effect of hotspots in Joule heating is another key factor enhancing methanol

conversion for all three catalysts.

Fig. 8. Promoting mechanism of Joule heating (a) ZnO/NF, (b) CuO/NF and (c) CuO-
ZnO/NF catalysts.

4 Conclusion

The new method of Joule heating promoted methanol decomposition over metal
skeleton catalysts offers a flexible, efficient, and energy-saving approach for H,
production. The heating property, catalytic performance, and the promoting mechanism
of Joule heating over CuO-ZnO/NF, ZnO/NF, and CuO/NF were investigated. The
maximum heating and cooling rates achieved through Joule heating are 12°C/s and
17°C/s, respectively. Its start-stop cycle time is just 1/8 of that required for conventional
external heating. Besides, methanol conversion of CuO-ZnO/NF under Joule heating at
300°C remarkably increases by 88% in comparison with that under external heating,
while the energy consumption of Joule heating is only 29% of that of external heating.
The less energy consumption of Joule heating is attributed to the low surface
temperature of the reactor, which decreases the energy loss of external free convection
and radiative heat transfer. The higher catalytic activity is due to the extra effects of
Joule heating which promotes the migration of oxygen and redox of Cu/Zn species, and
generates the “hot spot” effect to rise the local temperature.
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Joule heating rates of metal skeleton catalysts above 10°C/s
Joule heating method improves methanol conversion by over 80% at 300°C
Energy consumption of Joule heating at 300°C is 29% of that by external heating

Joule heating promotes the migration of oxygen and redox of Cu/Zn species
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