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ABSTRACT

Synthesis gas, composed of H, and CO, is an important fuel which serves as feedstock for industrially
relevant processes, such as methanol or ammonia synthesis. The efficiency of these reactions depends on
the H,: CO ratio, which can be controlled by a careful choice of reactants and catalyst surface chemistry.
Here, using a combination of environmental scanning electron microscopy (ESEM) and online mass spec-
trometry, direct visualization of the surface chemistry of a Ni catalyst during the production of synthesis
gas was achieved for the first time. The insertion of a homebuilt quartz tube reactor in the modified
ESEM chamber was key to success of the setup. The nature of chemical dynamics was revealed in the
form of reversible oxide-metal phase transitions and surface transformations which occurred on the per-
forming catalyst. The oxide-metal phase transitions were found to control the production of synthesis
gas in the temperature regime between 700 and 900 °C in an atmosphere relevant for dry reforming
of methane (DRM, CO,: CH4 =0.75). This was confirmed using high resolution transmission electron mi-
croscopy imaging, electron energy loss spectroscopy, thermal analysis, and C'80, labelled experiments.
Our dedicated operando approach of simultaneously studying the surface processes of a catalyst and its
activity allowed to uncover how phase transitions can steer catalytic reactions.
© 2020 The Author(s). Published by Elsevier B.V. and Science Press on behalf of Science Press and Dalian
Institute of Chemical Physics, Chinese Academy of Sciences.
This is an open access article under the CC BY-NC-ND license.
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

1. Introduction

H,0 + CH; — CO + 3H, AHy93= 206 k] mol~! Steam reform-

The production of synthesis gas (CO and H, mixtures) was pro-
posed by Fischer and Tropsch in 1928 [1]. Since then, synthesis gas
has become an important feedstock for methanol [2-4] and am-
monia synthesis [5]. Synthesis gas can be produced from the re-
actions of methane with water (Eq. (1)), oxygen (Eq. (2)) and car-
bon dioxide (Eq. (3)). The latter reaction, called dry reforming of
methane (DRM), has obtained significant attention since it converts
two greenhouse gases into valuable chemicals [6-10].

DRM is generally performed at temperatures above 650 °C in
the presence of supported metallic catalysts. Precious metals such
as Pt, Pd, Ru, and Rh are active reforming catalysts [10-12]. This
process is usually accompanied by a cascade of side reactions:
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ing (1)

% 0y + CHy — CO + 2H, AHygg= -44.2 k] mol~! Partial oxi-
dation (2)

CO, + CHy; — 2CO + 2H, AHzes= 247 k] mol-! Dry
reforming (3)

2H,0 + CH; — CO, + 4H, AHygs= 169 k] mol-! Steam re-
forming (4)

2C0 — CO; + C AHgg= -172 k] mol~! Boudouard reaction(5)
CH4 — C + 2H; AHygg= 75 k] mol~! Decomposition (6)
CO, + Hy — CO + H,0 AHjyg3= 41 k] mol~! RWGS (7)

CO, + 2H; — C + 2H,0 AHyes= -90 k] mol-! Hydro-
genation (8)
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CO + Hy — C + Hy0 AHjygs= -131 k] mol~' Hydrogenation (9)

Important advances in the technology of DRM have been
achieved over the past decades, which include the development of
protocols to synthesize complex efficient catalysts [8,13,14| or the
generation of insights into their working principles and into their
deactivation mechanisms [9,15]. However, some aspects of the cat-
alytic process such as the interplay between surface chemistry and
activity are not entirely understood [16].

Although less active and prone to deactivation, Ni-based cat-
alysts are preferred for industrial applications due to their low
cost. The deactivation of Ni catalysts is often a consequence of car-
bon accumulation on the catalyst surface under reaction conditions
[8,9,14,17-19]. For instance, in situ TEM imaging of the Ni catalyst
has shown that tubular graphitic nanofibers can grow on metallic
nanoparticles at temperatures as low as 500 °C in a H,—CH4 mix-
ture [15]. This indicates that the recombination of surface carbon
into volatile species can be kinetically hindered if the system is
deficient in reactive surface oxygen species [18].

Using operando techniques, where structural and morphological
properties and the activity of the catalyst are recorded simultane-
ously, it has been suggested that surface oxygen species play a key
role in DRM (Eq. (3)) [18] and related catalytic reactions such as
the partial oxidation of methane (POM, Eq. (2)) [20] as well as the
methanation of CO, [21-23]. The main advantage of an operando
approach is that changes which the studied systems may undergo
when moving environments are avoided [16,24,25]. However, the
majority of operando studies are based on theoretical [18], diffrac-
tometric [20], or spectroscopic [21-23] techniques. A direct visual-
ization of surface processes for DRM using operando electron mi-
croscopic techniques has, to our knowledge, not been achieved to
date.

Recently, the potential of environmental scanning electron mi-
croscopy (ESEM) for the study of surfaces has been unfolded
[26,27]. Here, we report for the first time on the direct visualiza-
tion of the surface dynamics of Ni catalysts under conditions of
DRM inside the chamber of a modified environmental scanning
electron microscope which was coupled to a mass spectrometer
(MS). A continuous quartz tube reactor compatible with the capa-
bilities of the ESEM was used to correlate the different surface pro-
cesses of the catalyst, such as dynamics and transformations, with
the catalytic conversion. These results were complemented with
high resolution transmission electron microscopy (HRTEM) images
and electron energy loss spectroscopy (EELS) investigations of the
catalyst samples prepared for the TEM by focused ion beam (FIB).
Our findings demonstrate the importance of oxide-metal phase
transitions and surface transformations as key features for the cat-
alytic reaction. As such, our study reveals an intimate link between
the surface states and the rate of synthesis gas production.

2. Experimental
2.1. Sample preparation

A Ni foil (99.994% purity, 0.25 mm thick) from Alpha Aesar, and
a Ni foam (95% porosity, 99.5% purity) from Goodfellow were used
for the experiments. The Ni foil was used as a reference during the
installation of the setup, while the foam was used for the measure-
ment of the catalytic activity. The foil was cut into discs (diameter:
3 mm) and subjected to five consecutive acid (3% HCI) and base
(3% KOH) treatments. Each treatment was performed for 5 min un-
der sonication at room temperature (RT). Subsequently, the catalyst
was rinsed with deionized water and dried. A K-type thermocouple
was spot-welded on the sample surface. The Ni foam was cut into
cylinders (diameter: 4 mm, length: 6 mm; weight: 35.2 mg) and
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Fig. 1. The quartz tube reactor. (a) Side view and (b) top view of the laser-based
heating stage, the mounted continuous quartz tube reactor and the Ni catalyst. (c)
Schematics of the ESEM chamber, including the applied quartz tube reactor used
for the investigation of Ni catalysts.

placed inside the catalytic reactor. Then, the foam was oxidized for
1 h in the quartz tube reactor (Fig. 1) in synthetic air at 550 °C.

2.2. ESEM setup

A commercially available environmental scanning electron mi-
croscope (ESEM, FEI Quanta 200) was equipped with a homebuilt
laser heating stage (Limo 40-F200-DL808-S1805, 808 nm, 40 W)
and a gas feeding system [28]. Oxygen and moisture traps were in-
stalled in the gas lines (Agilent). The flow of gases was controlled
by calibrated mass flow controllers (Bronkhorst). Prior to the in-
troduction of gases into the reactor, the exhaust line of the gas
feeding system was evacuated using a scroll pump to avoid any
pressure overshoot. A graphical representation of the experimental
setup can be found in Fig. 1. Images of the catalyst during reaction
were recorded every 17.75 s with the FEI large field detector using
acceleration voltages between 7.5 kV and 10 kV. The working dis-
tance was kept at 10 mm. Catalytic experiments were performed
in a continuous flow quartz tube reactor located inside the ESEM
chamber (Fig. 1). Using the quartz tube reactor (length: 12 cm, in-
ner diameter: 6 mm, wall thickness: 2 mm) the sample could be
kept under consistent and reproducible gas flow conditions. Sur-
face oxidation of the sample was also reduced by the preferential
direction of the gas flows towards the surrounding chamber. The
outlet of the tube was connected to a quadrupole mass spectrom-
eter (MS, Pfeiffer Prisma QMS 200). Two circular windows (diam-
eter: 3 mm) were drilled onto the top and bottom walls of the
quartz tube reactor for SEM imaging and sample heating, respec-
tively. The catalyst was placed in the space between the circular
windows. A stack of three scroll pre-pumps was used to evacuate
the chamber and to ensure pressure stability. The influence of the
electron beam on the reaction and surface dynamics was excluded
by beam-on-beam-off studies.
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2.3. Reduction of the catalyst and effect of base chamber pressure

At the start of each experiment, the ESEM chamber was evac-
uated for 8 h to obtain a pressure below 1.0 x 10~ Pa to elim-
inate any residual oxygen and moisture. Afterwards, Ar was in-
troduced as a carrier and internal standard for calibration (flow:
0.30 mLymin~!, purity: 5.0, Westfalen) and the gas composition
was monitored by the MS. Ni catalysts were reduced in a H, (0.7
mLymin~!): Ar (0.3 mLymin~!) mixture at 900-950 °C for 120
min, with a pressure of 246 Pa inside the quartz reactor and a
chamber pressure of 16 Pa. After the reduction, the H, flow was
switched off in order to assess the surface stability of the oxophilic
catalyst.

2.4. Thermal cycling experiments of synthesis gas production

The reaction mixture composed of Ar (0.3 mLymin~'): CO, (0.3
mLymin~!, purity: 5.0, Westfalen): CH4 (0.4 mLymin~!, purity: 5.5,
Westfalen) was introduced at RT [8]. Experiments were conducted
in the low-vacuum mode of the microscope with a pressure of 246
Pa inside the quartz tube reactor and a chamber pressure of 16
Pa. The Ni catalyst was ramped to 770 °C in the reaction mixture
(t = 0 min). After 20 min, the temperature was raised to 890 °C
and kept for 20-30 min, then reduced to 770 °C. Thermal cycling
between 770 °C and 890 °C was performed four times in order to
characterize the reversibility of chemical dynamics in the regimes
of low and high activities. The thermal cycling experiment was re-
peated using an isotope labelled C'80, (100.00 vol%, Westfalen).

2.5. Temperature and time dependence of the catalytic production of
synthesis gas

In the presence of the gas feed (Ar (0.3 mLymin~!): CO, (0.3
mLymin~!, purity: 5.0, Westfalen): CH4 (0.4 mLymin~!, purity: 5.5,
Westfalen) the catalyst temperature was stepwise increased from
700 °C to 900 °C (20 °C per step, dwell time: 25 min to 50 min).
Subsequently, the catalyst was treated for 16 h at 885 °C. Finally,
the reaction temperature was stepwise decreased from 885 °C to
845 °C (10 °C per step, dwell time: 35 min).

2.6. Processing of ESEM images

Analysis of the recorded SEM images was performed using Im-
age] FIJI [29]. The stack of SEM images was binned (x2) and aligned
(solid body registration). Image intensities were normalized (20 x
20 pixel?, 2 standard deviations) [30] to eliminate fluctuations that
originate from changes in the sample temperature and gas compo-
sitions. The normalization allows for the classification of the sur-
face features by their characteristic intensities. The average inten-
sity of the resulting stack was calculated and plotted as a time se-
ries.

2.7. High resolution transmission electron microscopy (HRTEM)

For HRTEM investigations, a TEM lamella of the spent catalyst
was prepared with an FEI Helios NanoLab G3 FIB/SEM system us-
ing Ga ions with energies up to 30 keV. Before the sample was
removed from the ESEM, carbon was deposited on the region of
interest (ROI) to avoid surface oxidation during transfer. Subse-
quently, a Pt-C protective layer of 600 nm thickness was added
to the ROI by electron beam induced deposition (EBID). Additional
600 nm of carbon were deposited by FIB to ensure sufficient pro-
tection during the subsequent ion milling. The lamella was thinned
from both sides to <100 nm by a 30 kV Ga ion beam. In the final
cleaning, low energy ion beams of 5 kV and 2 kV were applied to
the sidewalls of the lamella. The prepared lamella was examined at

RT with a double aberration-corrected JEOL JEM-ARM 200CF TEM
operated at 200 kV with an emission current of 10.0 pA. EELS was
performed using a Gatan GIF Quantum energy filter operated in
dual EELS mode, which allows for a simultaneous acquisition of
low and core loss regions. Point EEL spectra combined with scan-
ning TEM (STEM) images were recorded on the top phase and on
the metallic substrate at 10 nm below the interface. High-angle an-
nular dark field (HAADF) STEM images were acquired with a semi-
convergence angle of 20 mrad and collection angles of 80 mrad
(inner) and 320 mrad (outer). EEL spectra were acquired with a
semi-collection angle of 68 mrad. The identification of the dom-
inant crystalline phases was performed with the CrysTBox pack-
age [31]. The reflections obtained during the Fast Fourier transform
(FFT) analysis of the HRTEM images were fitted to known refer-
ences.

3. Results
3.1. Stabilization of the oxophilic Ni surface

The surface of the Ni catalyst achieved a smooth appearance
during the reduction in Ar and H, atmosphere. Selected images at
the different stages of reduction can be found in the Supplemen-
tary Information (SI) in Fig. S1 and Video S1. Effects from trace
amounts of oxidant impurities, i.e., oxygen and moisture, had to
be excluded to ensure a reliable investigation of reaction-induced
chemical dynamics of the oxophilic Ni surface. In order to avoid
such surface contamination, modifications to the commercial setup
had to be undertaken as it was found that the base chamber pres-
sure that defines the partial pressure of residual oxygen and mois-
ture had a significant, observable effect on the Ni surface (Figs. 2
and S2).

When the base chamber pressure, or more precisely, the pres-
sure in high-vacuum mode, became too high, the reduced Ni sur-
faces were found to oxidize or reconstruct prior to the catalytic
reaction (Fig. 2). At a base chamber pressure of ~10~3 Pa, for in-
stance, the Ni surfaces were found to be covered by oxides of a
bright appearance within 5 min of removing the H, from the gas
stream (Fig. 2a and b). At base pressures of ~10~4 Pa, surface re-
constructions could be observed in the SEM images (Fig. 2c and
d). After reducing the base chamber pressure further into the 10-6
Pa regime by modifying the vacuum system of the microscope
and placing the Ni sample in the continuous quartz tube reactor
(Fig. 1), the reduced and annealed surfaces were stable in a flow-
ing Ar atmosphere for more than 6 h (Fig. 2e and f). We attribute
this to the diminished partial pressure of oxygen when the catalyst
was placed inside the quartz tube reactor rather than directly into
the ESEM chamber (Fig. S3).

3.2. Identification of the surface states

Significant changes in the ESEM image intensities were mea-
sured during the catalytic reaction (Fig. 3). The sample which re-
mained after the catalytic reactions was retrieved and thinned into
a TEM lamella (Fig. S4) and analyzed by HRTEM imaging (Fig.
S5) and STEM-EELS measurements (Fig. S6) in order to assess the
chemistry of the phases that were observed in the ESEM images. It
was found that oxygen-containing and oxygen-absent phases coex-
isted in the sample. Theophrastite (hcp-NiO, Fig. S5a) and Bunsen-
ite (fcc-NiO, Fig. S5b) were identified as oxidic phases that could
accumulate on the catalyst surface, while the phase assignment of
the substrate did not entirely match expected standard phases of
Ni (fcc), Ni (hep), Ni3C, or NiHy (Fig. S5a).

Based on these findings and in agreement with HRTEM re-
sults, we assigned the lower ESEM image intensities to the metal-
lic phase and the higher ESEM image intensities to oxide is-
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Fig. 2. The stability of the reduced Ni surface at 950 °C in a gas stream of pure Ar was found to depend on the base pressure of the chamber. (a) ESEM images of a Ni
foil recorded in Hy: Ar (0.7 mLymin~': 0.3 mLymin~') and (b) recorded 5 min after switching off the H, flow at a base pressure of 103 Pa. (c) ESEM images of a Ni foil
recorded in Hy: Ar (0.7 mLymin~': 0.3 mLymin~!) and (d) recorded 5 min after switching off the H, flow at a base pressure of 10~* Pa. (e) ESEM images of a Ni foam
recorded in Hy: Ar (0.7 mLymin~': 0.3 mLymin~") and (f) recorded 240 min after switching off the H, flow at a base pressure of 10~ Pa and after installation of the quartz

tube reactor. Original images are presented in Fig. S2. The scale bars are 50 pm.

lands which grew on top of the metallic substrate. Throughout the
manuscript, the increased image intensities were assigned to the
presence of oxides, while low image intensities were assigned to a
crystallographically ill-defined metallic substrate.

3.3. Catalytic production of synthesis gas during temperature cycling

A summary of the results which were obtained during the ther-
mal cycling experiments of the Ni catalyst in the DRM mixture
is depicted in Fig. 3. A movie corresponding to collated ESEM
images is provided in the Supplementary Information as Video
S2. No catalytic production of H, and only slight production of
CO were detected at 770 °C (Fig. 3a) for each temperature cy-
cle. However, during this low temperature treatment, the presence
of oxides was found to increase. Synthesis gas was produced af-
ter increasing the catalyst temperature to 890 °C (Fig. 3a). The
production rates for CO and H, were found to correlate during
this stage. The formation traces showed an initial steep increase
which peaked in a local maximum and decayed subsequently into
a steady regime during the isothermal treatment at 890 °C. In
line with this observation, the reaction traces of CH4 and CO, de-
creased at 890 °C. However, the trends for CO, and CH4 were dif-
ferent. While the trace for CH4 inversely resembled the curves of
H, and CO, the trace of CO, was characterized by sharp consump-
tion peaks at the beginning of the treatment at 890 °C with an
average full width at half maximum (FWHM) of 10.2 min (Fig. 3a).
These CO, peaks subsequently reached the base value of CO, dur-
ing the regime of high activity. The same traces also showed a
slight CO, consumption in the low activity regime at 770 °C, in-
dicating the formation of micrometer sized oxide islands on the
surface. In addition, during the low temperature treatment at 770
°C (Fig. 3a) small amounts of H,O were produced. Furthermore,
a small peak appeared in the water traces at the beginning of
the high temperature treatment (this is indicated by arrows in

Fig. 3a). The production of water was found to increase after the
first cycle of synthesis gas production, which was followed by a
steady decay for additional temperature cycles (Figs. 3a and S8).
The calculated H,: CO ratio was found to be larger than the ex-
pected stoichiometric value for DRM (1.00, Fig. 3a, Eq. (3)). At
the beginning of each treatment at 890 °C, the H,: CO ratio (Fig.
3a) approached 3 and subsequently decayed into a steady value
of 1.92.

The depletion of surface oxide islands as detected by the de-
creasing image intensities was realized at 890 °C. Cycling the tem-
perature within the chosen temperature regimes reversed the cat-
alytic activity as well as the image intensities, i.e. the presence and
absence of oxides had an intimate link with the production of syn-
thesis gas. In brief, the flat and smooth Ni surface which pointed to
the presence of an ill-defined metallic state was prevalent during
the production of synthesis gas. In contrast, rough and bright sur-
faces which indicated the presence of surface oxide islands were
observed during the stage of low activity.

The rate of change of the image intensities and reaction traces
(from Fig. 3a) were computed from their 1st derivatives with re-
spect to time (Fig. 3b). The negative peaks in the 1st derivative of
the image intensity (Fig. 3b) indicated a fast depletion of the ox-
ide phases which occurred when the catalyst was heated from 770
°C to 890 °C. These negative peaks in the image intensities were
accompanied by positive peaks in the 1st derivatives of the pro-
duction rates of H, and CO and negative peaks in the 1st deriva-
tives of the reactants CH, and CO,. During cooling, negative peaks
arose in the 1st derivatives of the production rates of H, and CO
which were accompanied by positive peaks in the analogues of
CH4 and image intensities. This observation highlights that a fast
surface oxidation paralleled the deactivation of the catalyst during
cooling. The positive peaks in the 1st derivatives of the CO, traces
were absent during cooling (Fig. 3b), which pointed to a steady
CO, consumption. Moreover, the trace of HO had a complex be-
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Fig. 3. Compilation of catalytic and surface observables of synthesis gas production
over metallic Ni foam during thermal cycling between 770 °C and 890 °C. (a) From
bottom to top: time series of simultaneously recorded temperature of the catalyst,
image intensities and reaction traces of CH4, CO,, O,, Hy, CO, H,0, and the H,: CO
ratios. (b) First derivative of time of the observables depicted in (a). (c) ESEM im-
ages recorded under reaction conditions at selected times of the 3rd thermal cycle.
Time on stream: 158 to 240 min. Gas mixture: 0.3 mLymin—' Ar; 0.3 mLymin~'
CO,; mLymin~! CHy. Original grayscale images can be found in Fig. S7. The scale
bars are 50 pm.

havior featured by a small and broad positive peak at the begin-
ning of the treatment at 770 °C indicating the formation of water.
At the beginning of the treatment at 890 °C a sharp positive peak
arose which was immediately followed by a negative peak. This
implies that an additional production of H,O was initialized within
a small temperature increment which was followed by a fast ex-
penditure. The combined information depicted in Fig. 3(a and b)
indicate that the most significant changes in the production rates
of CO and H, inversely correlated with the fast variations of the
image intensities, which suggests a strong correlation between the
surface coverage by oxide islands and the catalytic performance.
Selected ESEM images of the Ni surface acquired during the 3rd
temperature cycle (time on stream: 158 to 260 min) are shown in
Fig. 3(c). The images show the presence of oxide islands (regions
of high image intensity) after 5 min of exposure of the catalyst to
the DRM mixture at 770 °C (Fig. 3c-i). The depletion of these oxide
islands was initiated with the temperature increase to 890 °C. The
oxides were consumed after 5 min of isothermal treatment at 890
°C (Fig. 3c-ii and c-iii) and the surface reached a smooth appear-
ance (Fig. 3c-iv). Furthermore, it was found that the oxide islands
grew at close to identical locations during each cycle (Fig. 3c-v and
c-vi, Video S2). The reversible occurrence of the oxides during tem-
perature cycling suggests that the observed phase transition can
act as an internal switch between the active and inactive states.
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The nature of the Ni substrate was further assessed after the
reaction in the quartz tube reactor by thermal treatment in an
oxygen-containing atmosphere at 930 °C for over 180 min. The
corresponding MS data (Fig. 4) show the formation of H,O and
trace amounts of CO and CO,. The integrated production rate for
H,0 was 45.2 umol, which corresponded to 90.4 ymol of remain-
ing H in the catalyst after the production of synthesis gas. In con-
trast, only 0.89 pmol of C-containing compounds were produced.
This suggests the presence of dissolved hydrogen species or of sub-
stoichiometric NiHx phases and a comparatively small accumula-
tion of carbon after the catalytic process.

In order to identify the source of oxygen and to exclude the
presence of trace amounts of oxidants in the chamber as a poten-
tial source, the temperature cycling experiment was repeated using
isotope-labelled C'30,. The vast majority of CO produced during
the experiment was found to be 130 labelled (Fig. 5). This indicates
that CO, was the main oxygen source not only for CO, but also for
the formation of the oxides which were observed on the catalyst
surface. In addition, the H,: C'80 ratio was found to be larger than
1.00.
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Fig. 6. Compilation of catalytic and surface observables during synthesis gas production over metallic Ni catalyst in the temperature range between 700 °C and 900 °C. (a)
From bottom to top: time series of simultaneously recorded temperature of the catalyst, image intensities, and reaction traces of CH,4, CO;, O, Hy, CO and H,0. Color coded
areas correspond to consecutive stages of the experiment. (b) Time series of the measured H,: CO ratio. (c) Arrhenius plots of the catalytic production of H, and CO. The
color region in (c) marks the temperature range at which oxides were observed. Gas mixture: 0.3 mLymin~! Ar; 0.3 mLymin~! CO,; 0.4 mLymin~! CH,4. Reaction onset:

806 °C. Oxidation onset during cooling: 846 °C.

3.4. Temperature and time dependence of the catalytic production of
synthesis gas

The time-resolved observables of the catalytic system at differ-
ent temperatures and under isothermal conditions at 885 °C are
shown in Fig. 6. In this experiment, the temperature was stepwise
increased and decreased in the interval between 700 °C and 900
°C. Fig. 6 was divided into four consecutive regions (color-code):
(i) The gray region corresponds to the heating of the catalyst from
700 °C to 806 °C, at which no catalytic production of synthesis gas
was observed. (ii) The blue highlighted region denotes the temper-
ature interval between 806 °C and 890 °C subsequent to the cat-
alytic activation. (iii) The green region depicts the isothermal treat-
ment at 885 °C for 16 h, and (iv) the pink region shows the infor-
mation on the catalytic performance during cooling from 885 °C to
846 °C.

The data in Fig. 6(a) demonstrates that the catalyst was inac-
tive in the production of synthesis gas at temperatures between
700 °C and 806 °C (Fig. 6a, gray area). Simultaneously, the inten-
sity of the in situ collected ESEM images continuously increased
(Fig. 6a). The catalytic production of H, and CO initiated at 806 °C
(Fig. 6a, blue area), while the image intensities decreased abruptly
during the catalytic activation. Further increasing the reaction tem-
perature to 890 °C led to enhanced production of synthesis gas. For
each temperature step, the formation rates of H, and CO peaked in
local maxima which were followed by partial deactivation and sub-
sequently levelled off into steady values. The traces corresponding
to the production of CH4 showed the opposite trends, while for
CO, the traces decreased during the initiation of each temperature
step, which reached a local minimum and subsequently increased
during the deactivation of the reaction. Simultaneously, the image
intensities steadily decreased and reached a global minimum value.

During the isothermal treatment at 885 °C for 16 h (Fig. 6a, green
region) the catalyst showed its highest activity. While the produc-
tion rate of H, remained steady, a slight increase was observed in
the production rate of CO. In line, the traces of CH4 reached steady
values, while the traces of CO, decreased simultaneously.

A stepwise decrease in the reaction temperature (Fig. 6a, pink
region) was applied after the isothermal treatment of 16 h in or-
der to study the reversibility of the phase transitions. During this
treatment, the production rate of synthesis gas decreasd. The pro-
duction rates of H, and CO exhibited reversed trends compared to
their respective behaviors during heating. Furthermore, the image
intensities began to increase. The trace of O, maintained a steady
value close to zero during the experiment, while a small produc-
tion of H,O was detected only during the early stages of the ac-
tivation of the reaction (Fig. 6a). The same trace exhibited slight
fluctuations around the base values during the most of the experi-
ment.

H,: CO ratios are presented in Fig. 6(b). During activation the
measured H,: CO ratio fluctuated between 1.5 and 1.8 (Fig. 6b,
blue region), which is in line with the observation that other reac-
tion mechanisms aside from DRM could simultaneously participate
in the catalytic turnover. The H,: CO ratio decreased continuously
during the isothermal treatment at 885 °C (Fig. 6b, green region)
and approached 1.00 during cooling to 846 °C. Thus, the reaction
progressively evolved towards product ratios which were charac-
teristic for DRM.

The Arrhenius plots presented in Fig. 6(c) clearly show that the
production of H, was reversible with temperature variations, while
the curves for CO followed different routes during heating and
cooling. The estimated activation energies (Eapp) for the production
of H, were 148 k] mol~! independently of the catalyst history. For
the production of CO it was found that Eap, was 138 k] mol~! dur-
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Fig. 7. Selected ESEM images acquired during the catalytic production of synthesis gas at different temperatures and times on stream. (a-c): ESEM images that were recorded
during stepwise heating of the Ni foam at different temperatures; (d-f): ESEM images that were recorded during isothermal treatment at 885 °C for 16 h; (g-i): ESEM images
that were recorded during cooling from 885 °C to 846 °C. Arrows in (c—f) display grain growth. Gas mixture: 0.3 mLymin~! Ar; 0.3 mLymin~! CO; 0.4 mLymin~! CH,.
Original grayscale images can be found in Fig. S9. The scale bars are 20 pm.

ing heating and 66 k] mol~! during cooling. This result suggests
that the dominant pathway of CO production shifted over time.
The colored area at the high 1/T border of Fig. 6(c) corresponds
to the temperature range at which oxidic phases were present on
the catalyst surface.

The surface characteristics during temperature treatment were
monitored online by ESEM imaging (Fig. 7). A movie composed of
collated ESEM images is provided in Video S3. In the non-active
temperature regime below 806 °C, the surface appeared populated
with bright spots (Fig. 7a). After activation and subsequent tem-
perature increase the bright spots that are characteristic for oxides
were progressively depleted from the surface (Fig. 7b-d, Video S3).
At temperatures above 875 °C the metallic substrate composed of
pm-sized domains became the dominant surface state (Fig. 7d-f),
which remained stable under the applied working conditions. Few
changes of the catalyst surface were observed during this stage
(See feature indicated by an arrow from Fig. 7c-f, Video S3) which
can be best described as metallic grain growth. During cooling, the
image intensities increased (Fig. 7f-h) and oxide islands started
to form on the surface of the catalyst at 846 °C (Fig. 7i, Video
S3). These island-like regular-shaped oxide phases (Fig. 7i) differed
morphologically from the pristine oxides that were observed at
the beginning of the experiment (Fig. 7a). In addition, the surface
of the metallic substrate started to transform (Fig. 7, Video S3).
This suggests that the catalyst underwent irreversible morphologi-
cal transformations during the long-term treatment.

In summary, the Ni catalyst had an oxidized surface at temper-
atures below 806 °C, and a progressively reduced surface above the
temperature of initiation. The catalyst surface reoxidized after cool-
ing to 846 °C.

R LY

%

846.5C, 167DMnisr=—

4. Discussion

A first but crucial step for realizing successful operando stud-
ies of an oxophilic catalyst is to avoid the presence of any oxi-
dizing impurities that can alter the active surface. Air leaks in the
setup can cause misleading dynamics of the catalyst and misinter-
pretations of observed phenomena. The minimization of air leaks
and the installation of the quartz tube reactor (Fig. 1) were cru-
cial as the formation of oxides and surface reconstructions related
to oxygen adsorption [32,33] were efficiently suppressed (Fig. 2).
The setup presented here provided for a contamination-free study,
since the reduced catalyst surface remained stable for more than 6
h (Fig. 2) in an atmosphere of flowing argon.

The results from the present study are summarized in
Scheme 1. In line with previous studies [20,34], our combined mi-
croscopy and catalytic results (Figs. 3, 6 and 7) show that the re-
duced Ni surface progressively becomes the dominant state during
the catalytic production of synthesis gas.

DRM on supported catalysts appears to follow a stepwise bi-
functional mechanism, where CHy4 is activated on the metal and
CO, on the support [22]. In the absence of a support, the reactants
have to be activated on the metal and compete for the adsorption
sites. The observed production trends of synthesis gas show the
bi-functional nature of the Ni surface which can simultaneously
activate CO, and CHy4 in the absence of a support. In agreement
with earlier studies [18,23], the dissociative activation of CO, al-
ready takes place at temperatures below the onset temperature of
the catalytic production of synthesis gas, as can be seen by the for-
mation of surface oxide islands and slight production of CO at 770
°C (Figs. 3, 6, 7, S5 and S6, Video S2 and Video S3). The high tem-
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Scheme 1. Schematic representation of the oxide-metal phase transition that con-
trols the catalytic behavior during the production of synthesis gas over Ni catalysts.
In the temperature regime at which the reaction had not started yet, the surface
was found to be oxidized. The oxide-metal phase transition occurred simultane-
ously to the initiation of synthesis gas production with product ratios higher than
1.00. The product ratios approached 1.00 after extensive treatment.

perature required to initiate the production of synthesis gas can be
attributed to the activation of CH4 [35]. Surface species which orig-
inate from the dissociation of methane are oxidized by the metal
oxides formed by CO, to generate CO and H,O (Fig. 3) [36]. H,
is then formed via recombination of atomic H species. More re-
duced surface sites are made available for CH, activation through
the initial depletion of oxides from the catalyst. Once the reduc-
tion is triggered, the surface stays in the reduced state. Thus, the
catalyst surface adapts to the applied chemical potential.

While the phase transitions seem to be reversible for short tem-
perature cycling (Fig. 3), the observed changes on the surface dur-
ing the long-term experiments (Fig. 7, Video S3) and the formation
of different shaped oxides after cooling suggest the occurrence of
irreversible surface transformations. Reversible phase transitions,
i.e. structural dynamics, and irreversible morphological transfor-
mations are part of chemical dynamics [37]. Their visualization
and the discovery of their effect on the catalytic performance have
been recently accomplished [38]. This interpretation is also in line
with the results observed by near-ambient-pressure XPS of metal-
lic Ni during the catalytic oxidation of methane [34] and propane
[16].

During activation, the reaction mechanism drastically favored
H, formation over CO as indicated by the relatively large initial Hy:
CO ratio (Figs. 3 and 6) which was found to decrease over time.
This indicates that the catalytic surface is in a non-equilibrated
state under these conditions (see change of image intensities in
Figs. 3a, c and 7). Catalytically and thermally induced side reac-
tions may dominate at this point. This could prompt the occur-
rence of consecutive reactions over complex pathways to form H,,
CO, H,0 and CO,. A likely scenario could involve steam reform-
ing of methane at which the H,: CO ratio equals 3.00 (Eq. (1)).
As has been shown in Fig. 3 water is formed in the non-active
regime at 770 °C. The increase in the water production rate after
the first temperature cycle and the steady decrease in the water
signal for consecutive cycles (Fig. S8) at constant gas flow may in-
dicate that the storage of hydrogen which is produced during the
active regime is irreversible for different cycles and that this hy-
drogen can act as a source for water formation at lower tempera-
tures [39]. In addition, water can be formed during the depletion
of the oxides at the early stages of the reaction (see arrows in Fig.
3a).

Furthermore, while the consumption of CO, in the state of low
activity can be understood as the formation of micrometer-sized

oxide islands which are visible in the ESEM images (Figs. 3 and 7),
the interpretation of the unusual behavior of the CO, traces during
the reaction (Figs. 3 and 6) is not trivial. The initial high CO, up-
take could be further interpreted as the thermally induced filling
of defective surface and sub-surface states that may act as oxygen
reservoirs for the reaction. As water can be excluded as a contam-
inant (Fig. 2) these reactive oxygen species could form water in
situ with nascent hydrogen located at the (sub-) surface which can
then result in steam reforming-like initial Hy: CO ratios (Eq. (1),
Figs. 3 and 7).

Alternatively, the initial high H,: CO ratio may be explained by
a pseudo POM (Eq. (2)) mechanism at which CO formation is in-
hibited by the presence of a large amount of oxides. The absence
of CO, consumption at 890 °C (time on stream higher than 5 min,
Fig. 3a) could suggest that CO, adsorption is inhibited by the pres-
ence of stored and activated oxygen. The reaction proceeds pref-
erentially with these species instead of CO,. At steady state dur-
ing the first 30 min of reaction the H,: CO ratio approaches values
representative for the POM reaction (Eq. (2)) where methane reacts
not with CO,, but with activated oxygen species. The H,: CO ratio
approached values more representative of DRM only after several
hours of isothermal treatment at high temperatures (Fig. 6). This
suggests the presence of sub-surface oxygen which is slowly con-
sumed during the long-term experiments. The reaction evolved to-
wards DRM and was accompanied by slight activation of the for-
mation of CO and a decreasing trace of CO, (Fig. 6). The cause
could be a gradual change of the dominant path of CO formation
(Fig. 6¢) when oxygenate species which are stored in the catalyst
are extensively depleted.

The fastest increase in production rates was shown to occur
during the oxide depletion, i.e. during the reaction induced oxide-
metal phase transition (Fig. 3) which led to the exposure of a large
amount of metallic surface sites to the reactive environment. This
transition of the oxide phases also caused changes in the H,: CO
ratio (Figs. 3 and 6). Thermal decomposition of the oxide would
have left the H,: CO ratio unaffected. Thus, the surface species
which participate in the phase transition are transferred into the
gas products and partake in the observed product ratio. Note, the
presented results and the provided discussion are representative
for a restricted set of conditions and may look different for other
(supported) catalytic systems, space velocities, time scales, temper-
ature protocols and gas ratios.

There have been contradictory findings in the literature around
the catalytic role of the in situ formed species and the pres-
ence of oxygen in the system. On the one hand, oxide phases
are thought to be detrimental for the reaction as they can com-
pete with CH4 for metallic surface sites [40]. On the other hand,
oxides are thought to maintain the catalytic activity by consum-
ing adsorbed carbon species [18,40,41]. Their involvement during
the reaction would be beneficial for the long-term stability of the
catalyst, since surface carbonization and the deposition of car-
bon can be mitigated. The formation of carbon deposits is known
to be a major cause for deactivation of reforming catalysts [2,8-
10,14,15,17,19,41]. However, oxide shells that form during reduc-
tive activation to surround the supported Ni particles can suppress
carbon formation while preserving a high catalytic activity [9]. It
should be noted that in this study carbon accumulation was not
detected. If present, even monolayers of carbon would have been
detected by ESEM imaging [27]. In addition, the subsequent oxida-
tion treatment inside the quartz tube reactor indicated that coke
was not produced (Fig. 4). This experiment revealed a Ni:H ratio in
the spent catalyst of 6.6, which suggests the presence of dissolved
hydrogen species or the formation of sub-stoichiometric hydrides
in the sub-surface or in the bulk which may be responsible for the
water formation at low temperature. For comparison, the Ni: C ra-
tio was 671.
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5. Conclusions

We have presented an ESEM investigation of oxophilic Ni sur-
faces during the production of synthesis gas from DRM mixtures.
Modifying a commercially available ESEM enabled us to directly vi-
sualize the catalyst under working conditions. In particular, the use
of a continuous quartz tube reactor facilitated the detection and
quantification of the catalytic conversion. The study further high-
lights the importance of contamination-free sample environments
in order to convert visual and catalytic observables into reliable
knowledge of the working principles of the catalytic system.

Temperature cycling combined with online mass spectrometry
and real-time imaging revealed the presence of chemical dynamics
in the form of oxide-metal phase transitions that were found to
initiate the catalytic production of synthesis gas, and morpholog-
ical transformation that caused irreversible surface changes. Our
results showed that stoichiometries other than DRM were domi-
nant at early stages of the catalytic activation. The catalytic ob-
servables evolved towards values representative of DRM only after
several hours of treatment at high temperature due to a possible
shift in the mechanism of formation of CO. These observations can
be explained by the presence of a (sub-) surface reservoir of active
species which deplete during the reaction.

Further studies need to be conducted to conclude on the influ-
ence of space velocity and gas ratio on the reaction mechanism,
surface and bulk chemistry, and stoichiometry of the involved ox-
ide phases. Nevertheless, our work highlights the importance of
operando approaches to investigate simultaneously several aspects
of the reaction system, including the mechanisms of activation and
deactivation of heterogeneous catalysts. Overall, it was shown that
the catalytic production of synthesis gas was activated by the pres-
ence of oxide-metal phase transitions. These marked a clear dis-
tinction between active and inactive states.
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