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Abstract

A new method for determining the Ni® metal surface area of MgO supported catalysts is proposed.
Different series of MgO supported Ni catalysts were prepared and titrated by chemical adsorption of
oxygen inside a STA-MS setup. Simultaneous recording of the mass gain upon oxidation, the enthalpy
of formation of the oxide and the evolved gas allowed a precise quantification of the metallic Ni
surface area. In addition, any uncertainties linked with the complex Ni oxide stoichiometry could be
ruled out. A comparison of the newly developed oxygen pulse method with already established
techniques using H, or N,O confirmed the applicability of the method and further revealed its surface

sensitivity and accuracy with respect to MgO supported Ni catalysts.

Graphical abstract:

2Ni° + O, - 2NiO



1  Introduction

Supported Ni catalysts have been extensively used in various industrial processes. In recent years
some of these processes using CO,, such as its hydrogenation to methane [1, 2], the production of
syngas by reverse water-gas shift [3, 4], or the dry reforming of methane [5, 6] have been the focus
of a renewed interest. The catalytic properties of these compounds are, as most supported catalysts,
highly dependent upon their metal dispersion [7, 8]. Therefore, the design of a simple and reliable

method for the determination of metal dispersion remains relevant, especially in the case of Ni.

In the literature, several methods have been described to determine the metallic surface area of
supported catalysts; most of them use the chemisorption of various gases such as H,, CO, N,O and O,
[9-12]. Generally, the measuring principle comprises the following steps: (i) adsorption of a probe
molecule on the Ni based catalysts, (ii) quantification of the amount of adsorbed molecules and (iii)
determination of the amount of surface Ni atoms from the stoichiometry between Ni and the
adsorbed gas. Ultimately the number of Ni atoms is calculated and converted into surface area by

using the area occupied by one surface atom of Ni [12].

However, since the beginning of the 80s, discrepancies have been constantly observed while using
these standard chemisorption techniques for determining the Ni dispersion. These discrepancies
have been shown to have different origins such as, the nature of the support [11, 13], the nature of
the chemisorbed molecule and its interaction with Ni [14] or an inadequate choice of the testing
temperature [12]. One of the difficulties of those characterization methods relies in the precise
titration of a single monolayer, and to avoid subsurface uptakes. However, studies have shown that
the selective titration of the surface and the suppression of bulk reactions could be achieved for each
titration molecule, and could provide reliable data, through the careful selection of the experimental

conditions [12, 15, 16].

Therefore, given the difficulties inherent to those techniques, other concepts and surface titration

methods were developed with the aim to follow in a different manner the titration process. Due to



its high sensitivity and its three-way measuring principle our focus is dedicated to the pulse thermal

analysis.

Classical thermal-analysis has been widely used to investigate solid-gas reactions, offering the
possibility of simultaneously monitoring the mass variations and the thermal events related to
chemical reactions or physical changes, such as phase crystallization or transformation and thus
combining different levels of insights. Various concepts of simultaneous measurements of reaction
rates and heat effects on Ni based catalysts were reported in the literature [17, 18], but only few
were dealing with gravimetric surface area determination despite the high precision evidenced [16,
19].The main drawback of the combined use of calorimetric techniques was the difficulty to ensure a
reproducible thermal contact between the sample (in the balance holder) and the calorimetric

sensor [20].

The potential of thermo-analysis has remarkably increased by modernized construction of the
calorimetric cells and coupling with new efficient gas analysis systems. Over the last 20 years,
significant progress has been made in the development and application of pulse thermal analysis
(Pulse TA®) [21-26]. Pulse thermal analysis allows the precise dosing of reacting gas in small
guantities into an inert carrier gas stream. Monitoring the variations of the catalyst mass by
thermogravimetric analysis (TGA), the reaction enthalpy by differential thermal analysis (DTA) as well
as the gas composition by mass spectrometry (MS), facilitates the study of heterogeneous reactions.
This type of method also has the advantage of allowing to stop the reaction at any point between the
pulses, and to determine its completion when successive pulses no longer lead to any change in the
system. Moreover, the use of pulses under flow conditions with short contact time better mimics the
reaction environment compared to classical volumetric methods, turning the traditional “bulk” TA

into a more surface sensitive method [27, 28].

Using this approach, Feist et al. developed a method to probe the surface acid centers of metal

fluorides catalysts, leading to a qualitative and semi-quantitative analysis. However the precise



guantification in their study was hindered by desorption phenomena [22]. Following their

experience, we put effort to develop a method for the quantification of metallic surface sites.

We report on investigations of solid solutions of NiO and MgO (NixMg:.x0) [29]. The formation of this
solid solution, allows the control of the amount of metallic Ni after reduction by changing either the
initial Ni concentration or the calcination temperature [30]. The application of the method to the
corresponding two series of samples allowed a better understanding of the specificities of the
method and a broader confirmation of its relevance. Pulse TA® was used to oxidize the surface of
metallic Ni, while the amount of oxygen consumed was followed by variation of the samples mass
(and by means of mass spectrometry). The enthalpy of formation of the corresponding oxide was
measured by differential thermal analysis. Single experiments were chosen to verify certain sources
of possible uncertainties, like sub surface oxidation, or O, interaction with the support. The aim of
this study is to propose a convenient and reliable method to determine the specific Ni surface area of
MgO supported catalysts. To the best of our knowledge simultaneous thermal analysis combined
with pulse technique has not been previously reported in the literature as a metal surface titration
method, and neither was the use of O, chemisorption to measure the dispersion of in-situ segregated
Ni® from NixMg1..O solid solutions. Furthermore, the importance and relevance of the O,-Pulse TA®

method is discussed in the context of other standard techniques and probe molecules.

2  Experimental

Catalysts preparation

Phase pure NixMg1.«O solid-solutions were prepared by co-precipitation of the corresponding metal
nitrates with ammonia, as previously reported [31]. The precipitate was dried, and then calcined in a
rotating oven [32] under a synthetic air stream with a flow of 100 mL min?, a rate of 2 °C mint and a
rotating speed of 2 turns min. The samples were calcined up to their respective final temperature
and maintained at this temperature for 3 h. Pure MgO was also prepared following the same

synthesis route and thermal treatment for comparison.



Following this protocol, two series of samples were prepared, samples with different compositions (0
to 15 at.-% Ni) all calcined at 600 °C, and samples with the same composition (10 at.-% Ni) but
calcined at different temperatures [400, 500, 600, 700 and 900 °C]. Samples from the concentration
series are named after their Ni content i.e. a sample containing 10 at.-% Ni will be named Ni_10, and
the samples from the calcination series are named after their calcination temperature only i.e.

Ni_400 (as they all have the same concentration in Ni 10 at.-%).

0, and N,0 pulse titration

Simultaneous TG-DTA was carried out in a NETZSCH STA 449C Jupiter thermoanalyzer equipped with
an SiC oven and an top loading electromagnetic microbalance. Gases used in the experiments were
Ar (99.999 %), H, (99.999 %), 02 (99.999 %) and N,O (99.999 %). The residual oxygen concentation in
the carrier gas was determined by decomposition of CuC,04*0.5H,0 in inert flow. Copper oxalate
decomposes to elemental copper and any oxygen present will result in formation of copper oxide
and cause continues weight gain. The gases were additionally purified on commercial hydrosorb and
oxysorb columns. Thus the lowest oxygen background off less then 1ppm was reached. Despite
additional gas purification the water contamination in the carrier gas was assessed as 3-5 ppm, which
is still quite low as compared with other conventional laboratory flow setups. The catalysts (between
20 and 100 mg of sample as shown Table S1) were placed into corundum crucible (0.2 mL) without
lid. The pulses were performed using a 8-port External Volume Sample Injector VICI, with a pulse-
loop of 500 ul. To minimize possible over oxidation, the contact time gas-sample was reduced to t <
0.1 s. All experiments were performed with the total gas flow of 100 mL min®. The gases evolved
were monitored with a quadrupole mass spectrometer (QMS200 Omnistar, Balzers) coupled to
simultaneous thermal analysis (STA) via a quartz capillary heated to 140 °C. The experiments were
performed with an electron ionization energy of 60 eV and a dwell time per mass of 0.2 s. The DTA
sensor was calibrated using usual pure metal standards In, Sn, Pb, Zn, Al and Au, and benzoic acid for
the lowest temperatures, (for each reference compound 4 to 5 cycles of melting were performed)

giving a calibration factor a=397.7 uV s kJ'. The raw data was evaluated without any further



smoothing or other data treatment. The uncertainty of the enthalpy measurements was evaluated to

+5kJ mol™.

The samples were reduced in-situ in a 5 %H, in Argon atmosphere, with a heating rate of 5 °C min?
up to 1000 °C and held for one hour. The samples were then purged in Argon for 30 min and cooled
down to 40 °C under Argon flow. After mass stabilization, 500 ul of O, or N,O were pulsed over the
catalysts with 15 minutes intervals between each pulse, until no signal variation was observed (no
mass gain/no exothermic event). The titrations were performed at 40 °C, as Tada et al. reported that
for Ni catalysts, at such temperatures, only surface oxidation was observed with N,O [12]. DTA signal,
mass changes and gas evolved were monitored during the whole measurement. A final continuous
0, flow (21 % O, in Ar, 100 mL min™) was also applied after the O, pulse series for the sample Ni_400

°C to verify the completion of the oxidation process.

After in-situ reduction of the catalysts precursor, metallic Ni is present at the surface of the catalysts.

Pure O, pulse oxidizes the surface of the metallic Ni, following the reaction:

2Ni0 +0; = 2NiO (-239.74 k] mol1) (1)
This oxidation process being very exothermic, it is possible to measure and quantify the heat
released at every pulse. At the same time, the oxidation of one atom of Ni corresponds to a mass
gain of one atom of oxygen. Knowing the mass gain upon each oxidation and the heat of the

reaction, one can determine the enthalpy of reaction for each pulse using the following equation:

AH
Allr = !—éﬁ (2}

e
where AHr is the enthalpy of reaction [J mol™], AH the exothermic heat release measured by the DTA
sensor [J], &m the mass gain [g] and Mo the molar mass of atomic oxygen [g mol™]. The Ni metal

surface area was determined using the atom cross-section area of metallic Ni and assuming, as

above, a dissociative chemisorption mechanism (Stoichiometric factor Sf=2; 2Ni/O;) [33, 34]:
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where Ni° s.a. is the Ni metallic surface area per gram of catalyst [m? g *], Nathe Avogadro constant
(6.022 102 mol™), gcat the mass of catalyst [g] and RA the Ni atomic cross sectional area (6.49 102°m?

atom) [35]. The corresponding particle size was calculated using the following equation [36]:

. r
MEs = CNI% 7. Ayt gy ) &

where MCS correspond to the metal particle size [m], F the shape factor (6) assuming spherical
particles [37, 38], dui the density of metallic Ni (8.908 g cm?) [39] and Ni° s.a.yi the metal surface area

per gram of reduced Ni [m? gni!] calculated as:
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where gmetal [g] corresponds to the mass of reduced Nickel upon reduction treatment.

H, pulse titration

For the H; pulse titration, the method used by Mette et al. was reproduced [40]. The samples were
reduced according to the reduction protocol described above, in a fixed bed reactor. After the
reduction, the temperature was lowered to 40 °C in Argon. A defined volume of H; (99.999 %,
additionally purified with commercial oxysorb and hydrosorb columns) was introduced by pulse
dosing with a volume of 250uL and monitored with a thermal conductivity detector (TCD). Before the
detector, the reactor effluent passed through the molsieve water trap. The pulses were continued
until no further uptake was detected. The Ni metal surface area was determined assuming a
dissociative chemisorption mechanism of hydrogen (Sf=2; 2Ni/H,)[41]. The amount of H, gas
adsorbed was used for the determination of the Ni surface area. The calculation of the Ni° surface

area and particle size were performed similarly as for the O, titration.



TEM

TEM characterization of the sample was performed as follows: the sample within the reactor was
placed after reduction in the glove box to avoid air contact; the powder sample was dry deposited on
a TEM grid and then mounted on a vacuum transfer holder (VT-648 GATAN). The holder was opened
after 10 min in the air-lock cycle to be then introduced into the column to prevent exposure to air.
The characterization of the sample was performed in a FEI TITAN 80-300 with imaging-side

aberration corrector operated at 300 kV. Images were taken in STEM mode with a HAADF detector.



3  Results and discussion

3.1 Application to a MgO supported Ni catalyst: Ni 5

After in-situ reduction of the Ni_5 sample to metallic Ni, 500 pl of O, were pulsed into the DTA-MS
chamber, each pulse was monitored by three different techniques as presented Figure 1. The evolved
oxygen (m/z=32) was measured by mass-spectrometry (Figure 1.A), the heat released at each
oxidation was measured by differential thermal-analysis (Figure 1.B) and the mass gain was

monitored by thermogravimetry (Figure 1.C).
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Figure 1. Oxygen pulse experiment on Ni_5 A) Mass-spectrometry signal B) DTA signal C) TG signal.

0, was pulsed 7 times onto the reduced sample and changes were observed up to the fourth pulse

for all signals, while the three last pulses caused only negligible changes in the system.

Mass gains (O, uptakes) became smaller with each pulse, as the amount of metallic Ni, still
oxidizable, decreased. After the fourth pulse of O, no further mass uptake was observed as all the
metallic Ni on the surface of the catalyst was oxidized. The same phenomenon was observed for the
heat release, which also decreased as the O, uptake decreased until an abrupt loss of the heat signal
indicating surface saturation. Interestingly, according to previous literature, the DTA peaks have the
typical form of chemisorption [22]. Finally, at each pulse, a peak in the m/z=32 signal was observed.
The intensity of the peaks increased with each pulse, as the consumption of oxygen decreased. After
the fourth pulse of O, the intensity of the peaks remained constant in agreement with the other
signals. With ongoing O, pulses, very small heat releases were observed that could possibly indicate a
consecutive subsurface oxidation. Due to the very low intensity of the signals, the evolved heat could

not be precisely quantified and its contribution was not taken into account.
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Figure 2. Multi-signal correlation. A) TG signal correlation to DTA signal B) MS signal correlation to the TG signal of Ni_5.

The quantitative evaluation of the measured changes provides three different sets of information,
relating mutually well to each other as shown in Figure 2A and B. Linear correlations were observed
between the amount of consumed O, from TG and the DTA signal and of the O, uptake from MS with
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the mass gain. However, the uncertainty associated with the MS data is visible, as the points slightly
diverge from the linear function passing through zero. Indeed, the calculation of the O, uptake by
mass spectrometry uses the average area of a 500 pL O; pulse (empty cell), the peak area of the O,
pulse (with catalyst) and a calibration factor (converting areas to moles), while the evaluation of the
TG/DTA data relies on a direct reading of the results without further data transformation. As such,

MS signal analysis has only been used in a qualitative manner.

In order to avoid a contribution of the slightly drifting mass gain signal in Figure 1C (see detailed

explanation), each peak was analyzed as a single event, and the mass gain were measured

independently.
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Figure 3. Calculated enthalpy for each O, pulse on Ni_5, compared with the theoretical enthalpy of formation of NiO (-
239.74 ki mol?).

For each pulse, the heat release was measured, and the enthalpy of each oxidation reaction was
calculated. The reaction enthalpies varied between -237.1 and -244.2 kJ mol?, which is in very good
agreement with the standard enthalpy of formation of Ni oxide obtained by combustion calorimetry

(239.74 + 0.42 kJ mol?, Boyle et al., 1954 [42]) as illustrated in Figure 3. These values are also in line
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with the calculated standard enthalpy of formation of NiO by the third law method (-240.28 kJ mol?,
Holmes et al., 1986 [43]). The fact that the measured heat release remained the same for every
successive pulse showed that the same reaction took place, and that the same kinds of Ni species

were titrated.

In order to verify the absence of any adsorption of O, by the MgO support, pure MgO was titrated
following the same procedure (Figure 4). At high magnification of the mass gain signal we can
observe a temporary “peak” without any remaining mass gain. This phenomenon corresponds to a
buoyancy effect recorded by the microbalance. As the density of O; is lower than the one of the
carrier gas (Argon) the observed mass gain is positive [22]. Since the experiment did not show any
mass uptake or heat evolution (DTA signal) the adsorption of oxygen atoms by the MgO support, or

the sample holder, is neglected for the applied Ni surface area calculation.
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Figure 4. Oxygen pulse experiment on pure MgO [blue curve: DTA signal; red curve: mass gain].

As mentioned above, Figure 1C and 4 show a slight drift in the mass signal. To validate the accuracy
of this method to titrate metallic surfaces, it is important to verify that this phenomenon was not

caused by the progressive oxidation of the metallic Ni due to oxygen traces in the gas flow. The
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presence of this drift on metal free samples (Figure 4) as well as the absence of an increase in its
slope with increasing metallic surface area (Figure S1), clearly indicated that this effect was not linked
to any oxidation event and as such did not interfere with the interpretation of the data. Thus, this
small mass drift could be explained by the fact, that after high temperature treatment the sample

slowly adsorbed traces of moisture from the gas stream.

3.2 Titration of two different samples series by O, Pulse TA

To validate the consistency of this method, the protocol described above was applied to two series of
MgO supported Ni catalysts (see details in experimental part). Figure 5A shows the determined Ni
surface areas of a Ni loading series. With increasing Ni content, the available Ni surface area
increased in a linear fashion. This is in line with the expected amount of reducible Ni species

correlating with its loading and confirms the homogeneous character of the synthesized samples.

A) B)

C) D)

Figure 5. Ni° surface area (Ni° s.a.) of each sample for A) the concentration series and B) the calcination series of Ni_10.
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Measured enthalpy for each sample (calculated as the average of the enthalpy of all pulses) and compared with the
enthalpy of formation of NiO (-239.74 ki mol?) for C) the concentration series and D) the calcination series.

As second series, catalysts calcined at different temperature were analyzed (Figure 5B). It is known
that the calcination conditions strongly affect the properties of the NixMg1<O solid solution [30, 40].
The higher the applied calcination temperature, the lower is the measured Ni surface area. This is in
agreement with the decreasing reducibility of the Ni species with increasing calcination temperatures
(Table S2) [44, 45]. The Ni surface areas are constantly decreasing between 400 and 600 °C and

abruptly between 600 and 700 °C, while no change was observed between 700 and 900 °C.

The enthalpy of formation was measured for all pulses of each of the 10 catalysts (Figure S2+S3). The
average enthalpy for every catalyst was calculated and plotted in Figure 5C (concentration series)
and D (calcination series). The enthalpies shown are expressed in kJ mol™® and as such corespond to
the global heat signal normalized by the amount of recorded oxygen uptake. It remained constant
irrespective of the Ni content or the calcination temperature. The calculated values show only minor
deviations compared to the standard enthalpy of formation of NiO, confirming the high accuracy and

the applicability of the O, pulse method for titrating the Ni surface area.

3.3 Qualitative validation: comparison with established method

While the concentration series showed a linear evolution of the Ni° specific surface area with the Ni
content, as it could be expected, the calcination series presented a much more peculiar profile, and
was used to confirm the validity of the method. Consequently, the calcination series was analyzed

using the classical and already established H, pulse chemisorption [5].
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Figure 6. Specific Ni surface area, and amount of adsorbed probe molecule for the Ni_10 calcination series [blue curve:
determined by H; pulse titration; red curve: determined by O, pulse STA-MS titration]

The two titration methods revealed the same distinct profile for the Ni° surface area (Figure 6): from
400 to 600 °C high values, slightly decreasing with increasing calcination temperature, from 600 to
700 °C an abrupt decrease and between 700 and 900 °C respectively, almost no evolution of the Ni°
surface area. Although O; titration gave larger Ni surface areas, the similarity of the profiles confirms

first of all the relevance of the newly developed O, pulse method for qualitative analysis.

3.4 Quantitative validation: subsurface oxidation?

For a quantitative assessment, the consistently higher surface area values observed using the O;
pulse titration method required further investigation (~factor of 2 to 5, compared to the H, titration

method as reported in the literature [11, 13]).

This discrepancy could be explained by an incomplete H, pulsed titration, consequently
underestimating the available Ni surface area. It was shown in the literature by temperature
desorption experiments (H, TPD) on metallic Ni surfaces [15, 46, 47] that the H, desorption regime
starts far below room temperature [46, 48]. So, it is very likely that H, pulses and adsorption at 40 °C,

respectively, lead only to a partial titration of the Ni’ sites.
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However, this does not exclude the possibility of an overestimation of the values obtained by O>
pulse, due to a sublayer or even bulk oxidation. For this purpose, reference measurements with N,O
as milder oxidizing molecule were conducted (all other experimental parameters were kept
constant). N,O is a widely used titration molecule for metallic surface area determination and is
commonly accepted as less reactive than oxygen towards Ni [18]. It is an established method for the
titration of copper surfaces [27, 49, 50] and was also applied to other metals such as Platinum [51],
Silver [52], Cobalt [53] and more recently for Ni catalysts at temperatures ranging from 50 to 100 °C
[12, 18]. In our study the titration temperature did not exceed 40 °C to prevent bulk oxidation [12].
Each molecule of N,O adsorbed on the metallic surface results in the chemisorption of an oxygen
atom, accompanied by the production of gaseous N,. Furthermore, Hinrichsen et al. showed that the
pulsing of N,O for copper surface titration is in excellent agreement with Reactive Frontal

chromatography (N,O RFC) in flow [27].
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Figure 7. Pulse STA-MS titration of Ni_400 [blue curve: by N>O pulse; red curve: by O, pulse].

In contrast to classical Reactive Frontal Chromatography (RFC) techniques, only the mass uptake and
the enthalpy were taken into consideration. The Ni_400 sample (23.2 mg) was analyzed by O, pulse

titration, and then a fresh sample of Ni_400 (23.2 mg) was analyzed by N,O titration (Figure 7). Each
17



experiment was performed on the fresh sample to avoid sintering, which could influence the result
of the titration. In comparison to the O, titration, to reach a surface saturation with N,O as oxidizing
agent, a higher number of pulses is needed (7 vs 3 pulses) and a smaller mass uptake at each pulse is
gained. The final mass uptake was essentially the same for the two titration methods (57.9 pg for
N,O vs. 56.5 pg for 0,) and a variation of only 2.3 % was observed for the final Ni® surface area (6.09

m? gear * for N2O vs 5.95 m? geat* for Oy).

Using simultaneous mass spectrometry, the formation of N as a product of the N,O decomposition
was observed. Unfortunately, the N,O conversion was only partial, due to the geometry of the cell
and N,* (m/z=28) correspond to a natural fragment of N,O* (m/z=44). To observe the N, formation
relative to the N,O decomposition, it is necessary to subtract to the N," peak area obtained upon
titration the average peak area of the N;' fragment of a N,O pulse in the empty cell (in the
manuscript named as “Differential peak area”). The same trends are obtained for the mass gain and
for the N, production as shown Figure 8A and B. During the first seven pulses, a progressive oxidation
is observed (continuous decrease of the mass gain and the N, formation), followed by surface
saturation (pulse 8 to 12). The measured enthalpy of reaction at each pulse (Figure 8C) is in very
good agreement with the calculated value for the reaction of Ni® oxidation by N,O:

Ni%s) + N20 g = NiO 5 + N3 g) AH.°=-321.84 kI mol™* (4)
Thus for this system, we ruled out the possible adsorption of N> and N,O recently mentioned in the

literature [15].
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Figure 8. A) Mass gain B) Differential peak area N C) Enthalpy of reaction upon each pulse on a fresh Ni_400 sample.

The depth of the oxidation process was also verified by further oxidizing the sample. After a
completed O; pulse titration, the sample was exposed to a flow of 21 % O, in Ar for 30 min. This
resulted in a large exothermic peak, corresponding to a deeper oxidation of the metal particles,
which were not accessed by the O, pulses. While switching back to an Ar flow, a large mass uptake
took place during the O, flow treatment due to the subsurface oxidation mentioned above. This
procedure was repeated, and no further exothermic event was visible since the accessible metallic Ni

has already been oxidized during the first O, treatment.
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Figure 9. Oxygen Pulse experiment on Ni_400 °C followed by pure oxygen flow testing.
As mentioned earlier, due to a slight drift of the mass signal it is important to take into consideration
the sharp mass increase at each pulse as opposed to the global mass gain. The ongoing drift even
after the complete oxidation of the catalyst directly evidences that this process is not related to any
oxidation event, and does not disturb the measurement. Comparing the amount of Ni atoms titrated
with the total amount of Ni reduced, the metal dispersion never exceeded 12 %, confirming the

uncomplete oxidation of the Ni particles.

In the literature, there is a fair degree of disagreement concerning the experimental conditions of the
N,O chemisorption for Ni® s.a. determination, regarding whether or not subsurface oxidation takes
place. However, the accordance of the mean particle size with the one determined by electron
microscopy is considered as a consistent descriptor, relying on an independent and direct
measurement (as opposed to the O/Nis stoichiometry which usually relies on comparison with H, TPD
measurements, with its intrinsic large sources of uncertainty). The inconsistencies in the use of O/Ni

as a descriptor are largely documented in the literature, and it was observed that a change of the
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support (SiO,, Al,03, TiO;) was enough to induce large discrepancies [11, 13]. To our knowledge none

of those studies involved the use of MgO as a support.
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Figure 10.A) HAADF Image of Ni_400, Ni_600 and Ni_900 after reduction B) particle size distributions of the three samples

Sample H; pulse 0O, pulse TEM* ] _TEM*
(from Gauss fit)  (maximum count)
Particle Ni10_400 24.8 10.6 9 10
Size Ni10_600 24.8 8.6 9.3 9
[nm] Ni10_900 46.6 8.4 9.1 9

*Calculated on more than 110 particles

Table 1. Summary table of the different mean particle size obtained by different techniques.
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As a consequence, electron microscopy was used as complementary analysis method. The estimated
particle size (from O titration) is in good agreement with the TEM observations as shown Figure 10

and Table 1 (an exemplary calculation is provided in the supporting information).

3.5 Other probe molecules and techniques

H> as a probe molecule

H, titration, which is extensively used for numerous metals, shows some challenges in precisely
guantifying the adsorbed H, when applied to metallic Ni. Ewald et al. recently published a thorough
investigation of H, interaction with Ni, underlining the complexity of the system and the variability of
the results obtained, depending on the adsorption and pre-treatment conditions [15]. An
overestimation is critical, as H, tend to dissolve into the subsurface of the metallic Ni particles [54,
55]. Furthermore, choosing arbitrarily the H:Ni stoichiometric factor or hydrogen activation and
spillover phenomena (that can occur on the support) can also distort the results [15, 56]. In that
context, MgO may exhibit such effects as experimental and theoretical studies have shown that MgO
has the ability to undergo direct adsorption and dissociation of H, [57]. Besides, it could diffuse into
the subsurface layers and into the bulk sites [58-61]. This could only happen on surface defects with
a radical character and able to bind (radical) H atoms (after activation at high temperatures) [62, 63].
The H, spillover is believed not to occur on MgO, which is an unreducible oxide [64] . Indeed, to
observe spillover on a support, the binding energy of the support with hydrogen should be
equivalent to the binding energy of the Metal-H bond. This value has to be larger than 218 kJ mol?
(one-half the dissociation energy of H, [65]) which is not the case for H-MgO [62]. However, the
literature still diverge on this topic, as hydrogen spillover has been proposed to occur on MgQO in the
case study of supported copper catalyst [66]. Finally, an underestimation of desorbed H, can occur,
as seen earlier, as simple room temperature adsorption techniques can lead to uncomplete Ni°
surface titrations.

CO as a probe molecule.
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Titration of the metallic Ni with CO shows two main inconvenients: the formation of Ni(CO); and the
complex stoichiometry of the CO adsorption on metallic Ni. Ni(CO), is a volatile compound that need
proper disposal because of its high toxicity, and that disturbs proper titration by removing Ni atoms
from the surface of the catalysts. This phenomenon only allows the titration of Ni° species by CO at
low temperature to avoid the tetra-carbonyl formation. Furthermore, the stoichiometry of CO
adsorption on metallic Ni adds to the complexity of the task, making any titration method useless
without spectroscopic is demanding, making any titration method useless without spectroscopic

quantification of the linear/bridging adsorption ratio [9, 67, 68].

3.6 0, Pulse TA® advantages

Compared to these methods, oxidative pulse titration for Ni/MgO system proposed in this article
present several advantages. It appeared safer, easier and more reliable. The use of O, suppresses Ha
direct dissociation, or spillover related issues and do not necessitate complementary spectroscopic
analysis for data interpretation. Nevertheless, one could argue that the O, titration proposed in this
article could lead to the formation of Ni,O; (“black oxide”) and not to NiO (“green oxide”) [69], and
that the different stoichiometry of the oxide could lead to difficulties for the metallic surface area
determination. Due to the differential thermal analysis this hypothesis was rejected, as the standard
enthalpy of formation of Ni,Os largely differs from the one of NiO [70] (AHPnio= -239.74 kJ mol?* 2,
AHNi203=-489.5 k) mol™?)[71]. Furthermore, the STA-MS setup allows to work under flow conditions
as opposed to vacuum, which facilitate the drawings of correlation with catalytic data (in our case

with the methanation of CO; as will be shown in a separated manuscript).

The question that remains concerns its applicability to all sorts of supports. This depends on the
ability of the support to adsorb or react with oxygen, which could disturb the Ni titration signals.
Such adsorptions or reactions were linked to the presence of oxygen vacancies on the support after
high temperature treatment and have to be minimized [72]. In this respect, MgO as a support is very
convenient since O; titration on pure MgO after pre-treatment up to 1000 °C in H; did not show any

mass uptake.
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Conclusions

A new simple method to determine Ni® surface areas of MgO supported catalysts is proposed. This
method which is based on Pulse TA® of oxygen, was efficiently applied to Ni°%/MgO systems. Pulse
TA® was used to oxidize the surface metallic Ni. The amount of oxygen consumed was determined
through the mass variation (but also observable by mass spectrometry) and the enthalpy of
formation of the corresponding oxide was measured by differential thermal analysis, to gain insight

on the stoichiometry of the formed oxide.

The relevance and accuracy of the method was evidenced in comparison to classical titration
methods (H2 pulse) and different probe molecules (N,0). Furthermore, it allows the use of adequate
stoichiometric factor (based on experimental data) instead of an arbitrary determination. The
application of the method to two series of MgO supported Ni samples allows a better understanding
of the specificities of the method and a broader confirmation of its relevance. This method is very
fast compared to other classical method and does not necessitate the construction of a dedicated
adsorption setup, as it merely requires a conventional STA-MS instrument with a pulse unit. The
quality of the measurements could be improved, by using stronger gas purification systems (to
remove traces of moisture), and less porous and hydrophilic materials for the reactor inner wall. In
addition, as this study was limited to Ni°%/MgO catalysts, we are currently working on applying and

establishing this new method to other catalytic systems.
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SUPPORTING INFORMATION

1. Mass of catalyst used

Catalyst ref. Mass used (mg) Sample #
Ni_400 20.9 #21743
Ni_500 20.01 #21808
Ni_600 21.6 #21810
Ni_700 20.1 #21584
Ni_900 23.0 #22304

Ni_3 79.41 #21547
Ni_5 116.99 #21548
Ni_10 108.14 #21549
Ni_15 19.8 #23892
Table S 1. Mass of catalyst used for O, titration.
2. Reducibility of the samples (calcination serie)
Sample Ni_400 Ni_500 Ni_600 Ni_700 Ni_900
Redl;;:]b lity 74.5 64.2 58.8 19.1 18.1

Table S 2. Reducibility of the calcination series

The reducibility of the samples was determined by temperature programmed reduction using CuO as

reference for the quantification.
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3. Signal drift intensity
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Figure S 1. Representation of the slope of the drift for each sample.

4. Detail of each pulses enthalpy for the two Ni
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Figure S 2. Enthalpy of each pulse, for the titration of both the concentration and the calcination series.
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Figure S 3. Enthalpy of each pulse, for the titration of both the concentration and the calcination series.

5. Exemplary calculation of the metal particle size for H, pulse titration on Ni_400°C

For the determination of the metal particle size (MCS) the equations (4) and (5) (see experimental

part) were used:

F

He = {N1% 5. gy vl )

With F=6; dy; =8.908 g cm3, and Ni° s.a.yjdefined as follows:

_ f (g« Fﬂt}* g

H1® & &g A

Smetat

With Na=6.022 102 mol™, RA=6.49 10?° m? atom™, and where:

e ny corresponds to the amount of hydrogen adsorbed on the nickel calculated following the
procedure of Mette et al. [40]. For the Ni_400°C sample ny=7.12 10®mol.

®  gmeta COrresponds to the mass of reduced Nickel upon the reduction treatment. Considering
0.101 g of a 10% atomic concentration of nickel and a reduction grade of 75%, we end up

with 10.24 mg of metallic Ni after reduction.
Injecting back in the previous equation, we find:
M9 5 g0y = 27.1m® g3t

MCE = 24.8nm
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