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Abstract: Copper hollow fibers were prepared via dry-wet spinning of a polymer solution of N-
methylpyrrolidone, Polyetherimide, Polyvinyl Pyrolidone, and copper particles of sizes in the
range of 1–2 µm. To remove template molecules and to sinter the copper particles, the time of
calcination was varied in a range of 1–4 h at 600 ◦C. This calcination temperature was determined
based on Thermal Gravimetric Analysis (TGA), showing completion of hydrocarbon removal at this
temperature. Furthermore, the temperature of the subsequent treatment of the fibers in a flow of 4%
H2 (in Ar) was varied in the range of 200 ◦C to 400 ◦C, at a fixed time of 1 h. Temperature programmed
reduction experiments (TPR) were used to analyze the hydrogen treatment. The Faradaic Efficiency
(FE) towards CO in electrochemical reduction of CO2 was determined at−0.45 V vs. RHE (Reversible
Hydrogen Electrode), using a 0.3 M KHCO3 electrolyte. A calcination time of 3 h at 600 ◦C and a
hydrogen treatment temperature of 280 ◦C were found to induce the highest FE to CO of 73% at these
constant electrochemical conditions. Optimizing oxidation properties is discussed to likely affect
porosity, favoring the CO2 gas distribution over the length of the fiber, and hence the CO2 reduction
efficiency. Treatment in H2 in the range of 250 to 300 ◦C is proposed to affect the content of residual
(subsurface) oxygen in Cu, which leads to favorable properties on the nanoscale.

Keywords: copper hollow fiber; calcination; hydrogen; TPR; CO2 reduction

1. Introduction

The penetration of renewable electricity into the chemical industry provides potential
for the development of electrochemical synthesis and storage methods [1,2]. Of particular
interest is the electrochemical reduction of CO2. [3–8]. Au and Ag electrodes have been re-
ported the best performing in the reduction of CO2 to CO [6,8], while some studies indicate
Au electrodes can produce formate when the surface is functionalized with thiol-tethered
ligands [9]. Cu has been identified as a versatile metal, allowing production of a variety of
products in electrochemical reduction of CO2, including (oxidized) hydrocarbons [8,10,11].
To obtain high current densities for reduction of CO2, mass transfer of CO2 to the elec-
trode surface should be optimized. Recently, Sargent and coworkers reported an electrode
composition allowing very high Faradaic Efficiency towards ethylene [12]. In such gas dif-
fusion configuration, CO2 is flown by the catalyst-electrolyte-interface, collecting gas phase
products of reaction in the gas-flow. Some of us have recently reported the design of copper
hollow fiber electrodes [13], which also provide high mass-transfer rates per volume, but
now by a flow-through configuration [14]. Copper hollow fiber electrodes demonstrate
excellent Faradaic Efficiency in conversion of CO2 to CO at optimized applied potential [13].
These Cu hollow fibers have been further modified by deposition of (nano)particles of e.g.,
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Sn to promote electrochemical reduction of CO2 to formate [15], and can also be made of
Ti [16] or Cu-Al alloy with perspective for applications in electrochemistry [16,17].

The present study is focused on the optimization of the high-temperature treatment of
copper-based hollow fibers prepared by spinning of a mixture of N-methylpyrrolidone,
polyetherimide, polyvinylpyrrolidone and copper particles of sizes in the range of 1–2 µm.
Heat treatment is required to remove the polymer and to sinter the copper(oxide) particles
to provide mechanical strength and porosity [13]. Subsequent reduction of copper oxide by
hydrogen is needed to obtain high electrical conductance, and to prepare the active, ex-
oxygen phase of Cu. The effect of very relevant temperature treatments on the performance
of the hollow fibers have not been previously analyzed in detail, nor been optimized. Here,
it is demonstrated that the electrochemical performance of the copper fibers prepared at
different times of calcination, and temperature of treatment in hydrogen, show significant
differences in performance, which is correlated to fiber morphology and porosity [17], as
well as to the absence or presence of oxide after high temperature reduction, respectively.

2. Results
2.1. Morphology of the Fibers after Spinning

Figure 1a shows a SEM image of one of the fibers at low magnification, demonstrating
the porosity of the wall, containing large channels of macro-porosity close to the inner and
outer wall, separated by more dense domains. The average outer diameter, inner diameter,
and thickness of the wall were measured to be 1.7, 1.2, and 0.3 mm, respectively, with an
accuracy of 0.05 mm. Figure 1b shows more detail of the copper particles (spherical shape)
located near the outer surface of the fiber, which are clearly contained and encapsulated in
the polymer matrix.
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scale bar indicates 50 or 1 µm, respectively. 

2.2. Calcination 
Thermogravimetric analysis (TGA) of the as prepared copper hollow fiber in the tem-

perature range of 25 to 1000 °C shows temperature-induced transformations (Figure 2). 
Starting at approximately 200 °C, oxidation of the Cu particles is initiated to form CuO. 
Between the temperatures of 300–380 °C a decrease in weight is apparent (negative peak 
amounting to about 3%). This indicates the oxidative removal of the polymer, which is 
superimposed on continuous oxidation of the copper particles. Between 550–1000 °C 
weight changes are no longer apparent, demonstrating that 600 °C is sufficient to remove 
most of the polymer by oxidation, and Cu particles are fully oxidized to CuO. Therefore, 
this temperature was chosen to further investigate the effect of calcination time on the 
degree of sintering of the Cu (oxide) particles. 

Figure 1. SEM image of the cross section of the Cu hollow fiber after spinning at low (a) and high (b) magnification. The
scale bar indicates 50 or 1 µm, respectively.

2.2. Calcination

Thermogravimetric analysis (TGA) of the as prepared copper hollow fiber in the
temperature range of 25 to 1000 ◦C shows temperature-induced transformations (Figure 2).
Starting at approximately 200 ◦C, oxidation of the Cu particles is initiated to form CuO.
Between the temperatures of 300–380 ◦C a decrease in weight is apparent (negative peak
amounting to about 3%). This indicates the oxidative removal of the polymer, which is
superimposed on continuous oxidation of the copper particles. Between 550–1000 ◦C
weight changes are no longer apparent, demonstrating that 600 ◦C is sufficient to remove
most of the polymer by oxidation, and Cu particles are fully oxidized to CuO. Therefore,
this temperature was chosen to further investigate the effect of calcination time on the
degree of sintering of the Cu (oxide) particles.



Catalysts 2021, 11, 571 3 of 13Catalysts 2021, 11, x FOR PEER REVIEW 3 of 13 
 

 
Catalysts 2021, 11, x. https://doi.org/10.3390/xxxxx www.mdpi.com/journal/catalysts 

 
Figure 2. Thermogravimetric analysis of the as-synthesized Cu hollow fibers. A heating rate of 1 
°C min−1 was applied, in an atmosphere of air. A value <100% indicates a weight loss as compared 
to the weight of the as-prepared fiber, and a value >100% indicates a weight gain. 

X-Ray diffraction patterns of the black hollow fiber after calcination at 600 °C for 1, 
2, 3 and 4 h reveal major reflections of CuO (JCPDS 45-0937) (See Figure A1). Although 
after 4 h, differences in relative intensity can be noted in comparison to calcination at 
shorter times, indicative of changes in preferred crystal orientation, it can be concluded 
that the oxidation of Cu to CuO is indeed complete after 1 h of treatment at 600 °C, in 
agreement with the TGA data of Figure 2. 

Rodriguez, et al. [18] investigated whether exothermic oxidation of metallic copper 
particles occurs in one step, or in two consecutive steps through the intermediate Cu2O. 
Since (traces of) Cu2O could not be detected by XRD, even after short calcination times at 
600 °C, we assume CuO forms directly through oxidation of Cu particles. This is also in 
agreement with a study by Zhu et al. [19], who stated that CuO grains grow directly and 
fast at the temperatures applied in the present study. 

The apparent structural parameters of the hollow fibers (outer diameter, inner diam-
eter, and wall thickness) do not show significant changes (Figure A2) when the time of 
calcination is longer. The SEM images after oxidation (Figure A3) show that besides the 
removal of the polymer and oxidation of the Cu particles, sintering occurs. The main dif-
ference seems to be the increased amount of particles in one, sintered agglomerate, when 
the calcination time is extended from 1 to 4 h. We assume this will lead to less, but bigger 
pores from which the gas can be transported through the outer wall, as is apparent from 
the images taken of the outer wall at low magnification. 

  

Figure 2. Thermogravimetric analysis of the as-synthesized Cu hollow fibers. A heating rate of
1 ◦C min−1 was applied, in an atmosphere of air. A value <100% indicates a weight loss as compared
to the weight of the as-prepared fiber, and a value >100% indicates a weight gain.

X-Ray diffraction patterns of the black hollow fiber after calcination at 600 ◦C for 1, 2,
3 and 4 h reveal major reflections of CuO (JCPDS 45-0937) (See Figure A1). Although after
4 h, differences in relative intensity can be noted in comparison to calcination at shorter
times, indicative of changes in preferred crystal orientation, it can be concluded that the
oxidation of Cu to CuO is indeed complete after 1 h of treatment at 600 ◦C, in agreement
with the TGA data of Figure 2.

Rodriguez, et al. [18] investigated whether exothermic oxidation of metallic copper
particles occurs in one step, or in two consecutive steps through the intermediate Cu2O.
Since (traces of) Cu2O could not be detected by XRD, even after short calcination times at
600 ◦C, we assume CuO forms directly through oxidation of Cu particles. This is also in
agreement with a study by Zhu et al. [19], who stated that CuO grains grow directly and
fast at the temperatures applied in the present study.

The apparent structural parameters of the hollow fibers (outer diameter, inner di-
ameter, and wall thickness) do not show significant changes (Figure A2) when the time
of calcination is longer. The SEM images after oxidation (Figure A3) show that besides
the removal of the polymer and oxidation of the Cu particles, sintering occurs. The main
difference seems to be the increased amount of particles in one, sintered agglomerate, when
the calcination time is extended from 1 to 4 h. We assume this will lead to less, but bigger
pores from which the gas can be transported through the outer wall, as is apparent from
the images taken of the outer wall at low magnification.

2.3. Reduction of Oxidized Fibers in 4% H2

The reduction of copper oxide hollow fibers in 4 vol-% H2 (in Ar) initiates at a
temperature of approximately 200 ◦C, as shown in the TPR profile depicted in Figure 3.
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Figure 3. Temperature programmed reduction of powdered CuO fiber. A H2 (4% in Ar) flow of
30 cm3·min−1, and a heating rate of 5 ◦C min−1 were applied.

A maximum in reduction rate is observed at 300 ◦C, followed by a small peak at
350 ◦C. Figure A4 shows the X-Ray diffraction patterns of copper hollow fibers obtained
after reduction for 1 h in 4 vol-% H2 at 200, 250, 330, and 400 ◦C, respectively. A temperature
of 200 ◦C in 4 vol-% H2 is insufficient to reduce CuO to Cu, in agreement with the TPR
profile, and diffraction lines of CuO are still dominant. Above 200 ◦C, diffraction lines
appear at 2θ = 43.3, 50.4, and 74.1, indicative of metallic copper. The XRD patterns do not
show any features of cuprous oxide.

Reduction of CuO has been extensively investigated and proceeds according to the
following equations [18]:

2 CuO + H2 → Cu2O + H2O (1)

Cu2O + H2 → 2 Cu + H2O (2)

CuO + H2 → Cu + H2O (3)

The temperature required for initiation of reduction of CuO in H2 atmosphere de-
pends on the ease of initial nucleation and formation of the reduced phase [19], which is
dependent on the water vapor pressure [19]. Wang and Yeh [20] summarized the steps
required for reduction of CuO as follows: first, diffusion of H2 to the oxide surface occurs,
followed by adsorption of H2 on the active oxide sites, subsequent formation of metal
nuclei through reduction, accompanied by formation of H2O, and finally water removal.
Rodriguez et al. [18] demonstrate that the reduction of CuO requires an initiation period.
Kim et al. [21] also performed time-resolved XRD analysis, and stated that the heating rate
is important in determining the formation of Cu2O: at rates smaller than 10 ◦C·min−1 Cu2O
was not identified, but at higher heating rate the intermediate phase becomes evident. At
large heating rates, the reduction of CuO actually occurs only at temperatures greater than
450 ◦C. Even though we applied a heating rate of 5 K◦C.min−1, we do observe a shoulder
on the reduction profile at 350 ◦C.

We assign this second reduction peak to reduction that is mass transfer limited, most
likely reduction of the core of the particles. As shown in the SEM images, the individual
particles, and even more so the clustered agglomerates, have significant size in the order
of several tens of micrometers, and hence a delay in reduction of the core is likely. In
summary, the obtained TPR profiles and reduction temperature required for the formation
of metallic copper are in agreement with the literature, and formation of copper requires at
least 250 ◦C, while complete reduction likely requires higher temperatures, to overcome
transport issues of oxygen and or hydrogen migration from/to the interior of the particles
and to/from the surface.
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After reduction, various SEM pictures were taken of the reduced samples. Within the
error of measurement, the average outer and inner diameter do not significantly vary as
a function of reduction temperature. Figure A5 presents the low and high magnification
of the cross-section of the wall, and shows the pore size distribution over the thickness of
the wall has not significantly changed by the applied temperature procedures (compare
Figure 1). Details of sintering degree of the particles show that the reduction of the fiber
in 4% H2 for 1 h at 200 ◦C, does not significantly alter it (compare Figure A3). Figure A6
provides a typical view of the porosity of the fiber, demonstrating the high degree of
sintering induced by the treatment in oxygen.

2.4. Performance of the Cu Hollow Fibers in CO2 Reduction

The effect of preparative variables (temperature of oxidation of the fibers at variable
times, and the effect of the treatment temperature in 4% H2) on the performance in the
electrochemical conversion of CO2 is shown in Figures 4 and A7. Calcination was per-
formed at 600 ◦C for 1 h, 3 h, and 4 h, while the temperature of reductive treatment was
varied between 250 and 400 ◦C. The current densities of various samples are shown in
Figure A7. When the reduction time is plotted versus the current density for the different
calcination durations, the reduction temperature of 280 ◦C yields the highest current for
1–3 h of calcination. For 4 h of calcination, the current is the highest at 250 ◦C. Increasing
the reduction temperature results in lower currents for all samples.

The two most obvious observations of Figure 4 include the significant improvement in
FECO when the calcination time of the fibers is prolonged from 1 to 3 or 4 h (maximizing at
75% (3 h) vs. 55% (1 h)), while in all cases the FECO decreases (and the FE in H2 increases)
as a function of increasing temperature of treatment in hydrogen. In particular for the
sample calcined for 3 h, the most significant decrease in FE of CO occurs above 360 ◦C.
The trends we show in Figure 4 for the FE of CO, generally are mirrored by the FE of
hydrogen (a decreasing FE in CO generally leads to a similar amount of increasing FE
towards hydrogen). It is well known from the literature that the additional product is
formate [13], formed with FEs of ~10–20% in our study, which, on the basis of the results of
Figure 4, can be assumed to be relatively constant.
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Figure 4. Faradaic Efficiency profiles of hollow fibers calcined at variable times at 600 ◦C in air (1 h, 3 h, 4 h), as a function
of reduction temperature in hydrogen. Efficiencies were determined by chrono amperometry, using 0.3 M KHCO3, at
~7–12 mA·cm−1, requiring a voltage of −0.45 V vs. RHE.

The maximum Faradaic efficiency obtained (73.1%) at a potential of −0.45 V vs. RHE
was almost twice that reported for copper nanoparticles at a potential of −0.4 V [22].
The stability of copper hollow fibers in delivering the performance shown in Figure 4 is
high. Stability of copper electrodes generally is an issue in CO2 electroreduction [23], and
several reasons for deactivation have been proposed, including deposition of contaminants,
formation of carbon [23–26], or recently the formation of (oxide associated) carbonate,
which prompts catalyst deactivation by restraining effective charge transport. [27] As
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previously reported, the activity of the hollow fibers does not significantly decrease within
24 h, besides a drop in current density of approximately 10% within the first 7 h, as was
mentioned in our previous study [13].

3. Discussion

Here we discuss the trends in FEs of CO and H2 on the basis of mass transfer phe-
nomena, affected by the porosity of the wall, and the reaction kinetics, affected by the
crystallinity and degree of reduction of the (sintered) copper particles.

The pore structure of the hollow fibers is largely determined by the time of the
oxidation treatment at 600 ◦C, and the degree of sintering, which is shown in
Figures A3, A5 and A6. As stated previously, the degree of sintering is higher for samples
treated for an extended period of time at 600 ◦C in air (Figure A3), which leads to a more
even distribution of relatively large pores over the length of the fiber. When sintering is
not extensive, large pores exist more locally, which induce preferential flow of CO2. In
other words, the extensive sintering leads to improved gas exiting profiles, and therefore to
enhanced gas-liquid mixing by convection near the wall of the fiber, similarly to manipula-
tion by changing the gas velocity [13]. Enhanced mixing leads to higher current densities
(Figure A7) and improved FE towards reduction of CO2 to CO. Quantification of mixing
phenomena as a function of porosity is beyond the scope of the present study, but will
be addressed in a future publication for Ti hollow fibers, including determination of the
ElectroChemical Surface Area (ECSA) and Impedance Spectroscopy. Manipulation of the
ECSA of hollow fibers has recently been demonstrated to lead to improved electrochemical
performance [17].

The effect of the hydrogen reduction temperature on FE is more difficult to explain,
and we can only speculate. The temperature for reduction is significantly lower than
that used in the oxidation procedure, and several SEM images confirm that the degree
of sintering (and hence the pore structure) does not significantly change. As shown in
the TPR profiles of Figure 3, and as has been discussed, reduction of copper oxide occurs
in the temperature range of 240–400 ◦C, a second peak indicating mass transfer limited
phenomena. Reduction of CuO has been analyzed in extensive detail by Kim et al. [21]. It
is conceivable, given the relatively large size of the individual particles, and in particular
the sintered clusters, that reduction of the inner core is not fully complete at the lowest
reduction temperatures applied, and that oxide domains are present in the interior [21],
even though this is not directly evident from the XRD profiles (see Figure A4). This seems
to suggest that the presence of some residual oxide might be beneficial in suppressing
hydrogen formation and favoring FE towards CO2 reduction products. As shown in
Figure 3, at least 360 ◦C appears to be necessary to fully reduce the sample, which agrees
with the most significant reduction in FE towards CO after hydrogen treatment above this
temperature (falling from 62% to 37% (!); see Figure 4). The role of the initial presence
of (sub-surface) copper oxide in achieving a high FE towards CO2 reduction products
has been frequently observed and discussed in the existing literature. Both formation of
specific grain boundaries or strain in the samples after electrochemical reduction [23], or a
direct effect of (sub-surface) oxide have been proposed [27–29].

In summary, this study provides guidelines for the optimization of the high temper-
ature treatment of Cu hollow fibers after spinning. Yet, the current densities achieved
with the hollow fiber morphology are still significantly lower than reported for carbon
cloth or carbon paper based (flow by) gas diffusion cells [12]. Enhancement of geometrical
area of a single fiber has been achieved by introduction of a second stage of porosity into
metallic hollow fiber electrodes, but reported current densities remain in the range of
15–20 mA·cm−2 [17]. We presently investigate the option of creating bundles of several
fibers, which should increase conversion per volume of the applied electrochemical reactor.

Future study is also aimed at the evaluation of the mass transfer effects induced by
the exiting gas bubbles, as a function of porosity and gas flow rate. In addition, the effects
of gas impurities on the performance of hollow fiber electrodes are investigated. Finally,
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the impact of high temperature treatment (in particular duration) on the economics of an
electrochemical process operated with hollow fibers, is assessed.

4. Materials and Methods
4.1. Preparation of Copper-Polymer Spinning Mixtures

Copper powder with particle sizes in the range of 1–2 µm (Skyspring nanomaterials)
was added to N-methylpyrrolidone (99.5 wt%, Sigma Aldrich, Darmstadt, Germany, in a
ratio of 70 wt-% to 22 wt-%, followed by stirring for 30 min. Subsequently, Polyetherimide
(PEI, Ultem1000, General Electric, Boston, MA, USA) to the amount of 7 wt% was added to
the mixture mentioned above and kept in a water bath at 50 ◦C for 1 h, and subsequently at
60 ◦C for 2 h. The mixture was cooled and stirred at room temperature overnight. Finally,
PolyVinyl Pyrolidone (to the amount of 1 wt%) was added to the mixture, to enhance
viscosity, again followed by stirring overnight. Prior to spinning, the spinning mixture was
degassed by applying vacuum for 90 min, and then kept overnight under an atmosphere
of dry air.

4.2. The Spinning Process

The spinning mixture was pressurized in a stainless vessel using nitrogen (1 bar), and
consecutively pressed through a spinneret (inner and outer diameter of 0.8, and 2.0 mm
respectively). De-ionized water was pumped through the bore of the spinneret with a
speed of 30 mL min−1. The coagulation bath contained tap-water and the length of the air
gap was 3 cm. The spinning experiment was carried out at ambient temperature. After
spinning, the fibers were first kept in a water bath for 1 day to remove traces of NMP,
followed by drying for 1 day against the laboratory atmosphere.

4.3. Treatment of the Fibers at Elevated Temperatures

The thus-obtained green copper hollow fibers were calcined at 600 ◦C for 1, 2, 3, and
4 h (heating rate 1 K min−1) in a static air atmosphere in porcelain crucibles, to remove
of the polymer and induce sintering of the copper (oxide) particles. The calcined copper
oxide hollow fibers were subsequently treated at 200, 250, 280, 330, 360, or 400 ◦C for 1 h
in a flow of H2/Ar containing 4 vol-% H2, using a heating rate of 1.5 K min−1. The fibers
were cooled in H2-atmosphere, and passivated by slow oxidation of the surface against the
laboratory atmosphere at room temperature. This way, a variety of copper hollow fibers
was obtained.

4.4. Characterization

Thermogravimetric analysis (TGA) was performed on a Netzsch STA 449 F3 instru-
ment under air environment at a heating rate of 1 K min−1 over a temperature range of 25–
1000 ◦C. The X-ray diffraction (XRD) patterns were recorded using a Bruker D2 PHASER
diffractometer (Billerica, MA, USA), equipped with a Cu-Kα source and operated at
30 kV and 10 mA. TPR profiles of oxidized fibers were obtained under H2 (4% in Ar) flow of
30 cm3/min, applying a heating rate of 5 K min−1 over a temperature range of 50–600 ◦C.
To this end, the oxidized fibers were crushed into particulate matter, and inserted as pow-
der in a fixed-bed quartz flow reactor. SEM analysis was performed using a JEOL JSM 5600
LV instrument (Tokyo, Japan). The SEM micrographs of both surface and cross-sections
were recorded at various magnifications.

4.5. Determination of Electrochemical Performance

A glass cell reactor consisting of a three electrode assembly at room temperature and
pressure was used to assess the performance of the copper hollow fibers. A Pt mesh was
used as counter electrode and was separated from the working electrode using a proton
exchange membrane (Nafion 112 Sigma Aldrich). A Ag/AgCl (3 M KHCO3 BASI, West
Lafayette, IN, USA) reference electrode was placed near the working electrode. The reactor
was filled with 100 mL, 0.3 M KHCO3 (99.95%, Sigma Aldrich) and purged with CO2 at
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least 30 min before each experiment. The applied cathodic potential for all experiments
remained constant at −0.45 V vs. RHE. The potential vs. RHE was calculated according to
Nernst law, using the potential vs. Ag/AgCl (0.198 V) and the pH of the solution (pH = 7.2).
This potential was selected on the basis of a previous study [13], demonstrating that at
more negative potentials the evolution of hydrogen significantly increased, reducing the
Faradaic Efficiency (FE). During the electrolysis, CO2 was purged continuously through the
fiber at a rate of 20 mL min−1, which was previously determined to be the optimum flow
rate [13]. The gas-phase reactor effluent was sampled via gas chromatography (GC) once
every 6 min. CO, CO2, H2, and hydrocarbons were separated using two different columns
(a ShinCarbon 2 m micropacked column and a Rtx-1 column). A thermal conductivity
detector and flame ionization detector were used to perform the quantitative analysis of
the gas-phase products. The time needed to reach steady-state concentration was 10 min;
thus, the reaction was performed for at least 20 min at each experimental condition. A
control experiment was conducted at −0.45 V versus RHE under argon atmosphere. CO
was not detected in such experiment, showing that residues of the polymers used during
preparation of the hollow fibers did not contribute to CO formation in the electrochemical
CO2 reduction experiments.

5. Conclusions

We studied the effect of calcination time (1–4 h at 600 ◦C), and temperature of treatment
in hydrogen (200–400 ◦C in 4 vol-% H2 in Ar) on the performance of copper hollow fibers in
the electroreduction of CO2 to produce CO. The highest Faradaic efficiency towards CO is
obtained when the calcination is performed for as long as 3 h at 600 ◦C. This calcination time
results for a variety of reduction temperatures in the highest Faradaic efficiency towards
CO, while a reduction temperature of 280 ◦C seems to be optimal. For these conditions,
the faradaic efficiency amounts to 75%, at a geometric current density of ~10.5 mA·cm−1.
The optimized combination of treatment in oxygen and hydrogen can be explained on the
one hand by a favorable porosity and thus gas distribution over the length of the fiber,
and on the other hand by incomplete reduction and presence of residual oxide prior to
electrochemical performance testing.

Author Contributions: K.K.H., R.K., A.S., G.M., and N.B., conceptual discussion; K.K.H., experimen-
tal work; K.K.H., writing—original draft preparation; K.K.H., A.S., G.M., and N.B., writing—review
and editing; G.M. and N.B., funding acquisition. All authors have read and agreed to the published
version of the manuscript.

Funding: This work took place within the framework of the Institute of Sustainable Process Tech-
nology, co-funded with subsidy from the Topsector Energy by the Ministry of Economic Affairs and
Climate Policy, The Netherlands.

Data Availability Statement: Data are available upon request by sending an Email to the corre-
sponding authors.

Conflicts of Interest: The authors declare no conflict of interest.



Catalysts 2021, 11, 571 9 of 13

Appendix A

Catalysts 2021, 11, x FOR PEER REVIEW 9 of 13 
 

 
Catalysts 2021, 11, x. https://doi.org/10.3390/xxxxx www.mdpi.com/journal/catalysts 

Appendix A 

 
Figure A1. XRD patterns of crushed hollow fibers calcined at 600 °C for different times (1, 2, 3 and 
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30 40 50 60 70 80 90

1h

 2h

3h

In
te

ns
ity

 (a
.u

.)

2θ 

4h

0 1 2 3 4
0.0

0.5

1.0

1.5

2.0
Outer diameter

Wall thickness

Inner diameter

Le
ng

th
 (m

m
)

Calcination time (h)

Figure A1. XRD patterns of crushed hollow fibers calcined at 600 ◦C for different times (1, 2, 3 and
4 h, respectively). The diffraction lines indicate the fibers are composed of CuO after calcination.
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Figure A3. SEM images at low magnification showing surface morphology (left) and at high magnification showing details 
of the porosity (right), after calcination of the copper hollow fiber at 600 °C for (A) 1 (B) 3 and (C) 4 h. 
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tures of copper oxide. Some fibers were analyzed after electrochemical treatment, which did not 
lead to any changes in the XRD patterns, suggesting the crystalline copper phase remains metallic. 
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Figure A3. SEM images at low magnification showing surface morphology (left) and at high magnification showing details
of the porosity (right), after calcination of the copper hollow fiber at 600 ◦C for (A) 1 (B) 3 and (C) 4 h.
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Figure A4. XRD patterns of crushed hollow fibers calcined at 600 ◦C for different times, followed
by reduction at variable temperature for a period of 1 h. The heating rate was set at 10 K/min. All
diffraction lines can be assigned to metallic copper, except for the pattern at 200 ◦C, showing features
of copper oxide. Some fibers were analyzed after electrochemical treatment, which did not lead to
any changes in the XRD patterns, suggesting the crystalline copper phase remains metallic.
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Figure A7. Total current densities of the copper hollow fibers as a function of temperature of treat-
ment in H2. The hollow fibers were calcined at 600 °C for 1, 3, and 4 h (see legend in the Figure), 
respectively, prior to reduction in the hydrogen flow. The graphs shows that the fibers prepared 
by reduction in hydrogen at 280 °C show the highest current densities, in particular for the fibers 
prepared by calcination for 1 h or 3 h. It should also be noted that the order in performance (3 h > 1 
h > 4 h) of each of the 4 fibers prepared at different calcination times is consistent throughout the 
temperature range of reduction. 
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Figure A7. Total current densities of the copper hollow fibers as a function of temperature of treatment in H2. The hollow
fibers were calcined at 600 ◦C for 1, 3, and 4 h (see legend in the Figure), respectively, prior to reduction in the hydrogen
flow. The graphs shows that the fibers prepared by reduction in hydrogen at 280 ◦C show the highest current densities, in
particular for the fibers prepared by calcination for 1 h or 3 h. It should also be noted that the order in performance (3 h > 1
h > 4 h) of each of the 4 fibers prepared at different calcination times is consistent throughout the temperature range of
reduction.
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