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Understanding how the microstructure of the active Cu0

component in the commercially applicable Cu/ZnO/
Al2O3(� Cs2O) low-temperature water-gas shift catalyst evolves
under various H2 partial pressures in the presence/absence of a
Cs promoter during thermal activation has been investigated.
Time-resolved XRD and spatially-resolved XRD-CT data were
measured as a function of H2 concentration along a packed bed
reactor to elucidate the importance of the zincite support and
the effect of the promoter on Cu sintering mechanisms,
dislocation character and stacking fault probability. The rate of
Cu reduction showed a dependency on [Cs], [H2] and bed
height; lower [Cs] and higher [H2] led to a greater rate of

metallic copper nanoparticle formation. A deeper analysis of
the XRD line profiles allowed for determining a greater edge
character to the dislocations and subsequent stacking fault
probability was also observed to depend on higher [H2], smaller
Cu0 (and ZnO) crystallite sizes, increased [ZnO] (30 wt.%, sCZA)
and lower temperature. The intrinsic activity of Cu/ZnO/Al2O3

methanol synthesis catalysts has been intimately linked to the
anisotropic behaviour of copper, and thus the presence of
lattice defects; to the best knowledge of the authors, this study
is the first instance in which this type of analysis has been
applied to LT-WGS catalysts.

Introduction

The water-gas shift (WGS) reaction has been widely studied due
to its ubiquitous use in industry; it aims to convert CO and H2O
into CO2 and high-purity H2 respectively [Eq. (1)].

[1,2] Thermody-
namically, the reaction favours low temperatures (190–230 °C)
due to its exothermic nature making the efficiency and lifetime
(4–8 years) of the low-temperature (LT-) WGS catalyst of great
environmental and economic importance.[3,4] Commercial LT-
WGS catalysts generally comprise 50–60/30–40% copper and
zinc oxide (Cu/ZnO) with the remaining balance γ-alumina.[3]

The LT-WGS catalyst composition is very similar to that for
methanol synthesis and, despite different conditions being
employed, CH3OH is an unwanted by-product of this reaction.
To inhibit CH3OH formation and maximise H2 production, Cs is

incorporated as an electronic and structural promoter (1–
1.2 wt.%).[1,5]

CO þ H2O Ð CO2 þ H2

DG298 K¼ � 28:6 kJ mol
� 1;

DH298 K ¼ � 41:2 kJ mol� 1
(1)

It is accepted that the active sites on the LT-WGS catalyst
are metallic copper nanoclusters.[6] A well-performing Cu/ZnO/
Al2O3 (CZA) catalyst is therefore believed to require three key
characteristics: copper nanoparticles (NPs) containing surface
defects, multiple reactive Cu/ZnO interfaces, and a large Cu0

surface area.[7–12] These are achieved following an activation
procedure (using H2 as the reducing gas), which is strictly
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specified by the catalyst manufacturers. Interestingly, the
importance of the catalyst activation procedure employed and
its subsequent influence on the microstructure of the resultant
catalyst has, to the best knowledge of the authors, not been
investigated for LT-WGS systems.

Investigating how changes to the activation procedure
influence the microstructure of the active phase is thus para-
mount to understanding early onset deactivation mechanisms
since for CZA catalysts, used in methanol synthesis, it is widely
accepted that the Cu microstructure, specifically the defect
density and apparent lattice strain, are directly correlated to
catalytic performance.[7,10,12] This is because copper is strongly
anisotropic, as determined by its Zener constant (Az=3.28).[13–16]

A detailed analysis of the XRD data is performed herein to
evaluate lattice defects according to their strain fields, that is,
how they affect the diffraction profile (shape and position) and
includes consideration of:[17]

* Point defects (interstitials, vacancies and impurities) have
short-range strain fields and their diffraction effects differ
from the fundamental Bragg reflections.[17,18]

* Linear defects (edge and screw dislocations), also known as
dislocations, have long-range strain fields. As a result,
diffraction peaks appear broader as they cause a cluster
effect around the fundamental Bragg peak.[17]

* Planar defects (grain and twin boundaries) are space
independent/homogenous and cause deviations from the
fundamental Bragg reflections, realised as shifts in peak
position and changes in lattice parameter.[17]

However, the complex nature of defects means they are not
generally confined to solely one category; stacking faults, for
instance, cause peak broadening and a shift in peak position as
they are both planar and surrounded by partial dislocations.
Despite the multifaceted nature of defects, dislocations are
always present to some extent in a material, either as the
predominant complex lattice defect or as the only type of
lattice defect which is evident by line broadening in the
pattern.[17] Here, a standard low-temperature water-gas shift
catalyst (sCZA, CuO/ZnO/Al2O3 60/30/10) have been investi-
gated in situ under three reducing atmospheres (1%, 2.5% and
5% H2/Ar) to determine how this affects the microstructural
properties of the Cu0 component. These are compared with a
high copper loading catalyst (hCZA, CuO/ZnO/Al2O3 80/10/10)
reduced under the more forcing 5% H2 conditions to help
elucidate the role of ZnO. As well as this, the incorporation of a
caesium promoter (sCZA� Cs and hCZA� Cs), believed to inhibit
methanol production during WGS activity, will also be assessed
in terms of anisotropy, dislocations, and, finally, stacking fault
probabilities.

Results and Discussion

As-prepared catalysts

The dependence of the Cu/ZnO/Al2O3 catalysts’ activity upon
the hydroxycarbonate precursor phase formed during copreci-
pitation is well documented.[19–21] For the industrial LT-WGS

reaction, zincian malachite ((Cu,Zn)2CO3(OH)2) precursors are
preferred (Cu :Zn molar ratio close to 2 :1) as a catalyst with
high Cu dispersion, and thus higher activity is achieved.[22,23] The
precursors of the sCZA and hCZA catalysts are shown in
Figure 1. Malachite (Cu2CO3(OH)2) has been included as a
reference pattern to highlight how the (20 -1)- and (21 -1)-
reflections shift to lower d-spacings (higher °2θ) as a result of
Zn (a non-Jahn–Teller cation) being atomically substituted into
the structure.[24,25] As expected, the hCZA catalyst has a lower
[Zn], therefore its pattern is more crystalline and most similar to
that of malachite. Both patterns indicate a hydrotalcite-like
compound (HTLC) crystallising during the ageing process,
which has been assigned as either a Cu HTLC, Zn HTLC or mixed
Cu,Zn HTLC.[26–30] The crystallinity of the HTLC present in the
sCZA pattern is greater, which may be due to the larger Zn/Al
ratio.[31] The Cu :Zn ratios for sCZA and sCZA� Cs are 2.2 :1 and
2.3 :1, respectively, and for hCZA and hCZA� Cs are 8.8 : 1 and
8.9 :1, respectively (Table SI-1 in Supporting Information).

Following calcination, the precursor phases completely
decompose to form an intimate mixture of tenorite (CuO: 3.95,
3.96 and 4.30 °2θ) and zincite (ZnO: 3.56, 3.85 and 4.05 °2θ) as
shown in Figure 2; the zincite crystallite size (Table 1) is so small
it is barely visible in the diffraction pattern suggesting it is
completely dispersed between the CuO species.[16,32,33] It should
be noted that the tenorite crystallite sizes vary depending on
the composition of the catalyst; a higher [ZnO] affords smaller
CuO crystallites due to a greater interaction between the metal
and support making them more stable to thermal sintering.[34]

Cs-promotion also causes growth of the CuO crystallites as the

Figure 1. Diffraction patterns for the hydroxycarbonate sCZA and hCZA
precursors; the dashed grey lines, from left to right, signify the (110), (120),
(200), (220), (20 -1), (21 -1) and (240) reflections of the malachite phase,
and the reference patterns for malachite (Cu2CO3(OH)2), a Cu HTLC
(Cu2.5Al2C1.7O8.9 · 5.2H2O)

[26] and a Zn HTLC (Zn6Al2(OH)16CO3 ·4H2O)
[27] are

given below.

Chemistry—Methods
Research Article
doi.org/10.1002/cmtd.202200015

Chemistry—Methods 2022, e202200015 (2 of 16) © 2022 The Authors. Published by Wiley-VCH GmbH

Wiley VCH Mittwoch, 03.08.2022

2299 / 260750 [S. 2/17] 1



incipient wetness impregnation method employed acts as an
additional hydrothermal treatment. The larger errors associated
with the high copper loading catalysts’ tenorite domain sizes
are anticipated to be resultant of size/strain broadening not
being accounted for in the performed analysis.[35]

In situ reduction studies

Differences to the Cu0 microstructure were determined using
the Rietveld method in combination with pattern decomposi-
tion for crystal structure refinement and phase analysis.
Measurements were performed at least at three different (bed)
heights of the sample, delineated into (a) top, (b) middle and (c)
bottom positions (as shown in Section SI-2 in Supporting
Information).

Whether Cu2O is an intermediate in the reduction of CuO in
the LT-WGS catalyst is much debated in the literature.[36,37] The
time-resolved point measurements collected in the middle of
the (A) sCZA and (B) sCZA-Cs catalyst beds in the first 70 min of
5% H2 being introduced (ramping in temperature from 160–
230 °C) are shown in Figure 3. Following calcination, the only
phases present in the diffraction patterns are CuO and ZnO.
When the reducing gas is introduced, though it is not obvious,

evidence of Cu2O is most clearly seen when Cu0 begins to show
in the diffraction patterns, (see Figure 3, Cu2O reflections
denoted by the dashed orange lines). It is also confirmed in
Figure 3 that the middle of the (B) Cs-promoted standard
catalyst bed takes longer to reduce than that of (A) sCZA. There
is no evidence of reduction of the ZnO taking place.

Crystalline phase evolution plots have been constructed for
the Cu0 component (see Figure 4 and Figures SI-3–SI-6)
illustrating the reduction behaviour over time, and how this
varies along the length of the catalyst bed. The time taken for
Cu0 to become the predominant phase at individual points
along the catalyst beds reduced in 5%, 2.5% and 1% H2/Ar
have been plotted in Figure SI-7. The Cs-promoted catalyst
appears to take longer to reduce in the higher [H2] environ-
ment, supporting the notion that alkali metal addition inhibits
reduction of the copper oxide polymorphs.[1] When the catalysts
were reacted in 2.5% H2/Ar, their reduction behaviours proved
similar, (Figure SI-7 (B)). The Cs-promoted catalyst reduced
slightly quicker along the length of the bed than the
unpromoted form. This result more closely corresponds to the
temperature-programmed reduction (TPR) results (Figure SI-8)
suggesting that a higher [ZnO] has more of an affect in the
presence of lower [H2]. Complete reduction of the catalysts
under 1% H2 did not occur in the time available to perform
these measurements data although the results collected are
shown in Figure SI-7 (A).

The slower reduction kinetics at the top and the bottom of
the bed occurred for different reasons: (1) the bottom of the
reactor is cooler as the gas is at room temperature when it first
contacts the bed, and (2) as water is created as a by-product of
reduction, it is presumed that a high water partial pressure
develops at the top of the bed which inhibits reduction. The
same analysis has been applied for the high Cu loaded catalysts

Figure 2. Diffraction patterns of the (A) sCZA, sCZA� Cs, (B) hCZA and hCZA� Cs catalysts; the calculated Rietveld fit is denoted by the dashed black line, the
grey difference line, and the reference patterns for tenorite (CuO), zincite (ZnO) and malachite (Cu2CO3(OH)2) are shown at the bottom.

Table 1. Apparent CuO and ZnO crystallite sizes for the prepared sCZA,
sCZA� Cs, hCZA and hCZA-Cs catalysts.

Catalyst Crystallite size [nm]
CuO ZnO

sCZA 6.3(1) 1.0(1)
sCZA-Cs 8.0(2) 1.2(0)
hCZA 16.0(7) 1.2(0)
hCZA-Cs 16.3(8) 1.3(0)
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(Figure SI-6). The reduction of the hCZA� Cs catalyst follows a
very similar profile to that of the standard catalysts reduced in a
2.5% H2/Ar atmosphere. Again, Cs-promotion inhibits the
reducibility of the Cu0 component, but to a greater extent (i. e.,
takes longer).

Crystallite size analysis

There is a trend present in the effective Cu0 crystallite sizes for
the reduced sCZA and sCZA� Cs beds (shown in Figure 5 (-i) and
Figure SI-10); independent of [H2], Cu

0 Deff increases towards the

top of all catalyst beds (with the exception of sCZA position (A-
c)). For the sCZA catalyst reduced under 5% H2, the Deff

increases from 6.0(4) nm to 7.2(4) nm, as compared to the
sCZA� Cs bed, which ranges from 6.1(4) nm to 7.7(5) nm from
bottom to top. Following reduction under 2.5% H2, the bottom
of the sCZA and sCZA� Cs beds maintain a Cu crystallite size of
5.7(2) nm and 6.5(4) nm, respectively. However, this grows to
8.1(3) nm and 9.2(5) nm, respectively, at the top of the bed. It
appears that the active components of the Cs-promoted
catalysts incur a greater rate of sintering along the length of the
bed.

Figure 3. Time-resolved XRD data for the reduction of (A) sCZA and (B) sCZA� Cs under 5% H2/Ar from the middle of the catalyst bed (0–70 min=160-230 °C);
the reference peak position of metallic copper (Cu0), cuprite (Cu2O), tenorite (CuO) and zincite (ZnO) are shown on the plots.

Figure 4. Cu phase evolution for in (A) sCZA and (B) sCZA� Cs during reduction in a 5% H2/Ar environment at the middle of the catalyst bed (the top and
bottom of the catalysts beds are given in Figure SI-5); the lines represent CuO (red), Cu2O (blue) and Cu

0 (black). (0–70 min=160-230 °C, >70 min=230 °C).
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Now the ZnO will be considered (see Figure 5 (-ii) and
Figure SI-11). When the reducing gases are introduced (time
0 min), the ZnO apparent crystallite size is slightly larger across
the standard promoted catalyst bed than the unpromoted;
consistent with what was seen for the as prepared catalyst
(Table 1).[38] Once reduction of the Cu-containing phases begins,
a gradual increase in the ZnO domain size is seen. Interestingly,
the most significant ZnO grain growth visible in Figure 5 occurs
simultaneously with the reduction of CuO. The susceptibility of
ZnO (wurtzite polymorph) to sinter in the presence of high
partial pressures of steam is documented in the literature.[39–42]

Here however, it appears that the sintering behaviour of zincite
is different for the unpromoted and promoted catalysts.
Irrespective of the [H2], sintering of ZnO is more pronounced
along the sCZA� Cs bed than the sCZA. There are two possible
rationales for this: (1) the incipient wetness impregnation
method employed promotes segregation of ZnO via HTLC
formation, and/or (2) additional water is held on the surface of
the promoted catalyst, facilitating further growth of ZnO.[38,43]

Both scenarios require weak metal-support interactions be-
tween Cu0-ZnO and Cu0-Al2O3 as a result of phase segregation;
this also accounts for the increased effective Cu crystallite sizes.
Compositionally, the main difference between these two types
of catalysts is Cs-promotion, therefore the role of Cs in sintering
will be considered.

The incorporation of Cs-promoters in Cu-based catalysts,
such as LT-WGS and methanol synthesis catalysts, has been
researched.[1,44–49] Typically, the rate-determining step in the
water-gas shift reaction is the dissociation of H2O. However,
once the Cu-based catalyst is promoted with 1–1.2 wt.% Cs2O, it
is reported that the dissociation of water is no longer rate-
limiting and CH3OH formation is inhibited (the latter is not
explored further).[5] Evidence of Cs promoting water dissociation
is reported for coverages of q*Cs < 0:5 (where a saturated
monolayer of Cs atoms is described by q*Cs =1), which
corresponds to the [Cs] in the prepared catalysts; therefore, it is
feasible that Cs-stabilised OH(a) species form in situ throughout
reduction.[50,51] During operation of the low-temperature water-

Figure 5. Effective (i) Cu0 and (ii) ZnO crystallite sizes for (A) sCZA and (B) sCZA� Cs during reduction in 5% H2/Ar (0–70 min=160–230 °C, >70 min=230 °C);
where the (a) top, (b) middle and (c) bottom of the catalyst bed are highlighted.
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gas shift reaction, it is also important to note that the optimal
Cs coverage is low to prevent inaccessibility of other species to
free Cu sites, for example for CO adsorption.[50]

When Cs is incorporated into the CuO/ZnO/Al2O3 catalyst, it
is presumed that it preferentially chemisorbs to the Cu0. Though
it is possible for Cs to adsorb onto the O-terminated ZnOð000�1Þ
and the nonpolar ZnOð10�10Þ surfaces, when Cu0 is present, the
majority of the promoter migrates to the Cu from the alkali-
oxide interface (surface free energy Cs=0.067 Jm� 1).[52,53] This is
because it is more energetically favourable for Cs to donate an
electron into the empty Cu(4s,4p) band than the empty
Zn(4s,4p) band of ZnO. Concurrently, the valence electron in
the half-occupied Cs 6s-orbital has a greater interaction with
the occupied Cu0 s-orbitals than the occupied {Zn 4s+O 2p}
band of ZnO. Thus, preferential adsorption of Cs on Cu occurs
in the presence of ZnO, increasing the thermal stability of Cs on
the surface.[52]

The sintering effects are far more pronounced for the high
Cu loading catalysts (given in Figure SI-12), evidenced by the
larger Cu0 crystallite size. This is most likely due to the [ZnO]
decreasing by 2/3 (from ~30 wt.% in sCZA/sCZA� Cs to
~10 wt.%). The thermal conductivity of Cu is 400 Wm� 1K� 1 at
room temperature, compared to 50 Wm� 1K� 1 for wurtzite
ZnO;[54,55] as Cu0 has a relatively high thermal conductivity, it is
more susceptible to sintering, and a role of zincite is to act as
thermal stabilizer.[34] When compared to the standard catalysts
reduced under identical conditions, there appears to be a trend
across all results. The effective Cu0 crystallite sizes (Figure 6 (A))
increase almost linearly from the bottom of the bed, to the top.
Sintering effects are also more evident along the Cs-promoted
beds as its incorporation further weakens the strong metal-
support interaction (SMSI), and holds water on the surface of
the Cu0 nanoparticles, facilitating Ostwald ripening of the active
component.

The dispersion of the zincite in hCZA and hCZA� Cs prior to
reduction of the active component is considered intimately
mixed with the tenorite, making it amorphous to diffraction (as
seen in Figure 2).[16,32,33] The high extent of ZnO dispersion is

maintained during the activation procedure until Cu begins
reducing, which is when growth of the ZnO occurs (Figure 5
(-ii)). As previously stated, it is presumed that the water
selectively hydroxylates the ZnOð10�10Þ surface once activation
of the active component begins, promoting particle growth via
Ostwald ripening.[41,56,57] These sintering effects are seen to a
greater extent along the hCZA� Cs bed due to the Cs-promoter
also migrating to the surface of the Cu0 and facilitating water
dissociation on the surface of the catalyst.[52]

When the final measured ZnO crystallite sizes are compared
following reduction under 5% H2 (Figure 6(B)), three conclu-
sions can be drawn: (1) the ZnO in the high Cu loaded catalyst
sinters to a greater extent (despite the larger error) due to the
decreased [ZnO], (2) the larger amount of water released during
reduction in the high copper loaded catalyst facilitates sintering
via Ostwald ripening, and (3) the ZnO in the promoted catalyst
sinters more than its unpromoted equivalent due to Cs
interacting with water on the catalyst surface, hydroxylating the
ZnO surfaces to a greater extent. It also appears that the
particle growth mechanism occurs almost uniformly along the
length of the catalyst beds, suggesting there is no obvious
water build-up occurring.

Microstructural defects in copper

The conventional Williamson–Hall (cWH) method is commonly
employed to evaluate the separate contribution of size and
strain to overall peak broadening in a material’s powder
diffraction pattern as it assumes that the investigated material
has uniform strain across all crystallographic directions, making
it elastically isotropic.[58–60] The cWH plots calculated for all
investigated catalysts (see Figures SI-13–SI-16) show a large
deviation from linear regression which further affirms the
presence of anisotropic strain broadening. The Full Width-Half-
Maximum (FWHM)s non-monotonous 2θ-dependence is likely a
result of lattice dislocations and/or twin faulting which can be

Figure 6. Effective final (A) Cu0 and (B) ZnO crystallite sizes with errors, along the length of the catalyst beds reduced in 5% H2/Ar; where the (a) top, (b)
middle and (c) bottom positions are labelled. Note that the crystallite sizes are generally larger for the samples containing Cs and for the higher [Cu] samples.
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explored further using the modified Williamson-Hall (mWH)
analysis.[12,61,62]

By employing the use of average dislocation contrast factors
(hChkli, see section SI-6 in Supporting Information), the
dislocation affected FWHM ΔK values can be plotted as a
smooth curve according to the mWH equation (Equation (2)
evaluated in section SI-7).[64] It is assumed that the 12 slip-
systems in the Cu face centred cubic (fcc) crystal are equally
populated, and that both screw and edge dislocations occur
with equal probability.[63] The mWH plots for the sCZA and
sCZA� Cs catalysts reduced in 5% H2/Ar (Figure 7) show that this
method of analysing the experimental data is better suited than
the cWH method. The smooth curve of the mWH plot
definitively describes the anisotropic strain broadening present
in the active component’s microstructure as caused by struc-
tural defects. The anisotropic strain broadening is also better
modelled using the mWH plot for the 1% and 2.5% H2
activation studies of the standard catalysts, and the high copper
loading catalysts reduced under 5% H2/Ar (see section SI-7).

DK¼
0:9
D þ

p A2 b2

2

� �1
2

1
1
2 KhChkli

1
2

� �

þ
p A0 b2

2

� �

Q
1
2 K2hChklið Þ

(2)

To determine the type of linear defects present along the
catalyst beds, and whether the activation environment impacts
the dislocation character, Equation (3) is employed (evaluated
in section SI-8 or Equation SI-18).[65] It should be noted that the
calculated values presented are representative, not quantitative.

DKð Þ2 � a½ �

K2
ffi bhCh00i 1 � qH

2ð Þ (3)

The q parameters and plots of the FWHMs for the standard
unpromoted and promoted catalysts reduced under 5% H2 are

given in section SI-8. The intercept of H2 is given on the plots
and corresponds to 1/q; q values of 1.66 and 2.39 represent the
pure edge and pure screw dislocations, respectively, in the
{111}h110i slip-systems. The extrapolated q values for the sCZA
catalyst bed range from 2.126–2.136 (�63.9–65.2 [screw] %),
and 2.131–2.136 (�64.5–65.2 [screw] %) for the sCZA� Cs bed.
Therefore, the standard catalyst beds overall possess more
screw character than edge character, with the promoted beds
expressing a slightly larger concentration.

Interestingly, a predominance of screw dislocations present
in a material’s microstructure has been linked to a particle
growth mechanism.[64,66] This mechanism is limited by the
formation of steps; however, a high concentration of screw
dislocations ensures the presence of step sites with kinks along
them for particle growth to take place.[67] Consequently, all
types of analysis preceding this section suggest the Cu0

crystallite size increases towards the top of the catalyst bed,
thus the number of screw dislocations would be expected to be
greater at the top of the bed.

The FWHMs for the sCZA and sCZA� Cs catalysts reduced
under 1% and 2.5% H2 also conform to these plots. They too
suggest the catalyst beds have greater [screw dislocations], as
shown in Figure 8. For the unpromoted standard catalyst, the
greater the [H2], the more edge character along the length of
the catalyst bed following activation. This differs from the
dislocation behaviour of the standard promoted catalyst bed
which does not seem as affected by the reduction environment.
A clear outlier is the calculated [screw dislocation] in the middle
of the sCZA� Cs bed reduced under 1% H2; here, the [screw
dislocations] greatly exceed those determined for the bottom
of the bed. Pure Cu0, when deformed at temperature, is
reported to have a q value of 2.15, which is equivalent to 70.3
[screw] % (pure dislocations were given as qedge=1.63 and
qscrew=2.37).[61,65] It may be that, as the bed has not been
completely reduced, the Cu0 has not yet interacted with the
ZnO or the Cs2O which may afford slightly more edge character.
(N.B. When copper is cold-worked, the resulting material is

Figure 7.mWH plot for the final reduced pattern collected of the (A) sCZA and (B) sCZA� Cs catalyst reduced in 5% H2/Ar at the middle of the catalyst bed
(the mWH fits for the top and bottom of the standard catalysts beds are given in Figure SI-21 and the fits are shown in Figure SI-23).
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dominated by dislocations with edge character as screw
dislocations are annihilated at low temperature.[17,68])

It could be that, for the sCZA catalyst bed, ZnO is more
likely to partly reduce under the more forcing reducing
conditions (5% H2) making it partly migrate onto the surface of
the Cu0 due to the Cu� ZnO synergism, which is reflected in the
lower [screw dislocation]. The same effect would not necessarily
be seen in the promoted catalyst bed as here the promoter
must also be contended with; Cs has low surface free energy
and so migrates to the Cu0 surface under any reducing
conditions.

Once more, for the hCZA and hCZA� Cs catalysts reduced in
5% H2/Ar, a good linear regression is achieved for the plots of
the FWHM. The resultant experimentally determined q values
along the length of the hCZA bed range from 2.152–2.156
(�67.4–67.9 [screw] %), and 2.150–2.153 (�67.1–67.5 [screw] %)
for the hCZA� Cs bed.

There is little variability in the dislocation behaviour along
the length of the investigated reduced catalyst beds; therefore,
these microstructural defects appear to be more influenced by
the interaction of the ZnO support (and Cs promoter) with the
Cu0 active component than temperature. These results suggest
there is a predominance to dislocations with screw character in
these LT-WGS materials, with the higher copper loading
catalysts appearing to have more than the standard catalysts
(Figure 8). It is hypothesised that this is due to the differing
[ZnO] affecting the nature of the catalyst surface, that is, the
higher the [ZnO], the more dislocations with edge character.

Phase defects visible in powder-diffraction arise from global
shifts in a crystal’s structure induced by both stacking faults and
dislocations. However, where dislocations are caused by long-
range heterogeneous strain fields, stacking faults are induced
by elastic strain, affecting only the reflections within range of
the fault.[69] The intensity distribution of a given Bragg reflection
in a powder-pattern is dependent on its multiplicity, j (see
section SI-9). For an ideal crystal, each peak is comprised of a
number of symmetry-equivalent sub-reflections, equal to j, that
contribute to the observed profile in the diffraction pattern.[70]

However, for materials affected by stacking defects, specific
selection rules determined by the hkl indices of the sub-
reflections elucidate their influence on the resulting diffraction
line profile.[71]

In order to determine the type of stacking fault formed in
the slip-plane as a result of either Shockley or Frank partial
dislocations, the {111}, {200}, {222} and {400} reflections must be
considered. Table SI-11 evaluates the sub-reflection profiles for
each reflection in terms of unbroadened (0) and broadened (�)
sub-profiles, and these values are used to determine the
direction of the peak shift when the deformation fault is
intrinsic; the calculated constants for a given hkl plane, Xhkl, due
to faulting are given in Table SI-12. For extrinsic stacking faults,
the observed peak shifts occur in the opposite direction,
whereas the displacements of the sub-reflections affected by
twin stacking faults are negligible.[71–73]

The shift in peak position due to faulting is typically quite
small; evaluating single peaks thus incurs more errors, making it
advisable to evaluate a pair of reflections with opposite
displacements; as shown in Table SI-10, the (111)-(200) pair
and (222)-(400) pair are ideal. However, despite the calculated
Δ(2θ200 � 2θ111) being smaller than the Δ(2θ400 � 2θ222), it is
considered more accurate to use the first order reflection pair.
This method is usually employed to determine the deformation
(intrinsic) fault probability for α-brass (Cu/Zn 70/30); as the
{111} and {200} reflections move towards each other, the
stacking fault probability increases.[72,74,75] Generally, intrinsic
stacking faults are solely considered for these systems as it is
possible to produce vacancies following heating of the sample.
To obtain a catalyst with a sufficient concentration of
interstitials, external work must be done on the crystal, which
has not been explored.[76]

In order to determine the stacking fault probability along
the length of the standard unpromoted and promoted catalyst
beds, the positions, and thus displacements, of the {111} and
{200} reflections are investigated. From the time-resolved (111)-
(200) peak separations displayed in Figure 9, it appears that as
the bed reaches complete reduction, the Δ(2θ200 � 2θ111)

Figure 8. Graphical representation of the concentration of screw dislocations along the (A) sCZA and hCZA, and (B) sCZA� Cs and hCZA� Cs catalyst beds
reduced in different [H2]/Ar; where the (a) top, (b) middle and (c) bottom positions are labelled.
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deviates further from the ideal difference, eventually plateauing
when complete reduction is achieved. The ideal peak position
of the {111} and {200} reflections are determined by the Rietveld
calculated lattice parameter, a, for Cu0; this suggests that
initially the active Cu0 component does not contain defects
from stacking faults, it is only as the reduction continues that
intrinsic stacking faults appear. Perhaps this is a result of the
ZnO partially reducing and migrating onto the Cu0 nano-
particle’s surface.[10] Across both the sCZA and sCZA� Cs beds,
the difference in peak separation between the {111} and {200}
reflections is smallest at the bottom. This suggests that the
concentration of stacking fault increases from the top of the
bed, to the bottom.

The change in peak separation between the {111} and {200}
reflections for the sCZA and sCZA� Cs catalyst beds reduced in
1% and 2.5% H2 are given in Figure SI-26 as a function of time.

The trend in stacking fault probability along the length of all
investigated activated standard catalyst beds is better graphi-
cally presented in Figure 10. On first inspection, it seems the
higher the [H2], the greater the fault probability; however, the
(111)-(200) peak separation as a function of time decreased
before plateauing once reduction was complete, and as lower
hydrogen partial pressure studies were either not left long
enough to fully activate the length of the bed (1% H2) or the
formation of stacking faults was still occurring as the exper-
imental Δ(2θ200 � 2θ111) continued to decrease (1% and 2.5%
H2), this trend must be verified.

From Figure 10, the inverse of the stacking fault probability
affords the frequency of a stacking fault once every x layers in
the [111]-direction.[72] The variable ‘x’ has been calculated for
the (a) top, (b) middle and (c) bottom of the sCZA and sCZA� Cs
beds and is presented in Table 2. It appears that stacking faults

Figure 9. Time-resolved (111)-(200) peak separations for (A) sCZA and (B) sCZA� Cs activated in 5% H2/Ar; where the dashed line represents the ideal and the
solid line represents the experimentally derived difference in peak position.

Figure 10. Distribution of stacking fault probabilities along the (A) sCZA and (B) sCZA� Cs catalyst beds following activation under 1%, 2.5% and 5% H2/Ar;
where the (a) top, (b) middle and (c) bottom positions are labelled.
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appear more frequently throughout the standard unpromoted
catalyst bed when compared to that of the promoted
equivalent. The more forcing reducing atmosphere of 5% H2
also seems to promote partial dislocation formation, and
consequentially stacking faults.

A similar trend is visible for the {111} and {200} reflections in
the high copper loading catalysts (see Figure SI-27). B. E. Warren
and E. P. Warekois show that as the [Zn] in α-brass increases, so
does the stacking fault probability. They supposed that this
results from zinc incorporation reducing the energy difference
between fcc and hexagonal close-packed (hcp) packing.[74] As
shown in Figure 11 (and Table SI-13), a greater [Zn] leads to a
greater concentration of intrinsic stacking faults (which may
also be related to dislocations with more edge character).

Cs-promotion appears to reduce the stacking fault proba-
bility along the length of the standard and high Cu-loaded
beds. This may be due to the body-centred cubic (bcc)
arrangement of Cs, which does not possess close-packed
planes.[77]

Substitutional impurities

One of the possible types of lattice point defects, substitutional
impurities has not yet been investigated. Not to be confused
with extrinsic point defects (interstitials), a substitutional solid
solution is formed when a solute atom occupies the site of a
host atom.[78] It is believed that Zn is incorporated into the Cu
matrix via step sites.[10,79–82] These surface steps are generated at
the intersection between Cu0 nanoparticle surfaces and stacking

faults (or twin boundaries).[80] As previously discussed, a
prevalence for screw dislocations also ensures the presence of
step sites.[67] Once the Zn atom is at the Cu step, it is stabilised
by bulk defects in the host matrix, allowing for alloying to take
place.[83] This behaviour is facilitated by SMSI via the formation
of oxygen vacancies at the Cu/ZnO interface (see section SI-
10).[84,85]

Using Vergard’s law, the calculated lattice parameters can
be evaluated to determine whether zinc has dissolved into the
copper matrix during reduction.[86] The solubility limit of Zn in
Cu is ~38.95 wt.% at high temperature; however, the composi-
tional range at which stable Cu� Zn solid solutions are formed is
5:4 � Zn½ �=wt:% � 37:5 (5:3 � Zn½ �=at:% � 36:8). Interestingly,
the enthalpy of mixing for these materials is negative,
DHCu� Zn¼� 6 kJmol

� 1.[87] The compositional maximum concen-
tration of ZnO incorporated into the investigated catalysts
(standard) is close to 30 wt.%; for a Cu� Zn alloy with <35 wt.%
Zn a stable FCC α-brass phase is exhibited, whereas above this
the β-brass phase (CsCl type) is formed.

As the temperature along the bed is not monitored in situ,
it is not possible to quantitatively evaluate the Cu0 unit cell
parameters for Zn-incorporation; however, assuming the tem-
perature of the final measured diffraction pattern is 230 °C, the
calculated lattice expansion and experimental lattice parame-
ters have been plotted for the unpromoted and promoted
standard catalysts in Figure 12. The outlier at the bottom of the
sCZA bed reduced under 5% H2 corresponds to a [Zn] of
2.64 at.%. Other than this result, sCZA and sCZA� Cs activated
under 5% H2 suggest <1 at.% Zn has dissolved into the Cu0

lattice. The 2.5% H2 activation results differ depending on the
presence of Cs-promoters, with the sCZA� Cs bed suggesting a
maximum [Zn] of 1.76 at.% compared to 1.03 at.% for the sCZA
bed. Though the 1% H2 studies have been included, their
results are not indicative of the composition of a fully reduced
catalyst bed under these conditions.

For the high Cu-loaded catalysts, the calculated atomic [Zn]
exceeds that of the equivalent standard catalysts (see Fig-
ure 13). The maximum [Zn] incorporated into the hCZA Cu0

lattice is 2.60 at.%, compared to 1.62 at.% for the hCZA� Cs
catalyst. There does not appear to be an obvious relationship
between Cs-promotion and the substitutional alloy formation;
however, as previously introduced, these catalysts are more
sensitive to changes in temperature due to their thermal
conductivities which may be reflected in these results.

Lattice expansion as a result of Zn-incorporation, even at
1 at.%, distorts the host lattice quite considerably, despite the
Seitz radius of zinc being comparable to Cu.[88,89] Caesium has a
Seitz radius 216% larger than Zn, therefore it has been

Table 2. Frequency of stacking faults per x layers for the sCZA and sCZA� Cs catalysts following activation.[72]

Position in bed sCZA [H2]/[%] sCZA� Cs [H2]/[%]
1 2.5 5 1 2.5 5

[a] top 59 40 67 44
[b] middle 41 27 157 48 34
[c] bottom 42 29 27 37 37 29

Figure 11. Comparison of the calculated stacking fault probabilities along
the standard and high copper loading catalyst beds reduced under 5% H2/
Ar; where the (a) top, (b) middle and (c) bottom positions are labelled.
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concluded that Cs does not dissolve into the Cu0 matrix.[89]

There is also no evidence in the literature that Cs forms an alloy
with Cu under the investigated reducing atmospheres.[52,90]

Ambient pressure X-ray photoelectron spectroscopy
(APXPS) was employed to explore the surface of the sCZA and
sCZA� Cs catalysts during reduction. In particular, the behaviour
of the ZnO support was investigated in order to determine
whether evidence of surface alloying could be detected under
activation conditions. The XPS results of the Cu 2p and Zn 2p
regions for the sCZA and sCZA� Cs catalysts following reduction
are shown in Figure SI-29 (A) and (B). The X-ray photoelectron
spectra show that the copper is completely reduced following
activation as evidenced from absence of satellite peaks ~945–
940 eV corresponding to Cu2+ and from Cu LMM Auger
peaks;[91] the binding energy (BE) of Cu 2p3/2 is ~932.7 eV and
for Cu 2p1/2 is ~952.5 eV for both catalysts. This is further
evidence that Cs adsorbed on the surface of the sCZA� Cs
catalyst does not form an alloy during reduction as the Cu 2p
features remain the same.[52] The Cu LMM Auger spectra for the
standard catalysts can be found in Figure SI-30 and confirms
that the active component is reduced.

From Figure SI-29 (B), the BE of Zn 2p3/2 is ~1022.3 eV and
for Zn 2p1/2 is ~1045.5 eV for both the unpromoted and
promoted standard catalyst. Unfortunately, it is harder to
evaluate the oxidation state of Zn via XPS as for Zn0 and ZnO,
the Zn 2p3/2 lines appear at 1021.4 eV and 1021.7 eV, respec-
tively. However, the Zn 2p3/2 peak for sCZA� Cs appears broader
than that of sCZA, which may indicate the presence of
additional Zn species. In order to determine whether any
reduction of zinc occurs, the Zn LMM Auger peak must be
considered, as a 3 eV downward shift of BE (i. e. 3 eV upward
shift in KE) is observed on reduction.[83]

The Zn LMM Auger lines, shown in Figure 14, suggest that
the majority of the Zn remains in the Zn2+ state (Zn LMM peaks
at ~987.0 eV in kinetic energy); however, there is evidence that
a fraction of the ZnO is reduced to metallic Zn by the
appearance of the shoulder at ~990.5 eV. S. Kuld et al.
published similar data for such systems and attributed the Zn
Auger shoulder feature as evidence for Cu/Zn alloy formation.[83]

It appears the Cs-promoted sample contains a larger portion of
metallic Zn than sCZA; it has been reported by S. Chaturvedi
et al. that Cs cannot achieve bulk reduction of ZnO to Zn0, but it
is able to form a sub-stoichiometric zincite, ZnOx.

[52] Therefore, it
is proposed that the Cs-ZnO relationship paired with the Cu-
ZnO synergism promotes reduction of ZnO.

The Cs 3d region was also recorded for the promoted
standard catalyst and is shown in Figure SI-31. The appearance
of the Cs 3d5/2 (~725.0 eV) and Cs 3d3/2 (~739.0 eV) signals in
the sCZA� Cs spectra following reduction confirm the presence
of the Cs-promoter on the catalyst surface.[52]

It is important to note that the presented XP Spectra were
collected following activation in a 100% H2, strongly reducing
atmosphere (at 220 °C). Under the investigated LT-WGS reduc-
tion environments ([H2]=1%, 2.5%, 5%), ZnO reduction would
not be expected to such a large extent; however, these
measurements confirm the synergistic relationship between Cu
and Zn as it proves substitutional alloy formation is possible,
making the lattice expansion attributed to the dissolution of
zinc in the copper matrix more likely.

Figure 12. Graphical representation of the final calculated Cu0 lattice parameters along the (A) sCZA and (B) sCZA� Cs beds; the dashed grey line represents
the calculated Cu0 unit cell parameter, a, at 230 °C, and the subsequent dashed blue lines correlate with the atomic [Zn].

Figure 13. Graphical representation of the final calculated Cu0 lattice
parameters along the hCZA and hCZA� Cs beds; the dashed grey line
represents the calculated Cu0 unit cell parameter, a, at 230 °C, and the
subsequent dashed blue lines correlate with the atomic [Zn].
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Application of XRD-CT

A known limitation of XRD is that it is a volume averaged
measure of the crystalline component of a sample and there-
fore only measures an average of the point at which the catalyst
bed is being interrogated. To overcome this, XRD-CT has been
employed to afford an image consisting of 27000 unique
diffraction patterns across the plane of the bed; these spatially-
resolved patterns offer more information concerning the micro-
structure of the active Cu component following activation when
compared to the point measurements.

It is proposed that, as for methanol synthesis catalysts, the
microstructure of the catalyst determines its intrinsic activity:
the greater the stacking fault probability, the more active for
catalysis.[10] To the best knowledge of the author, this is the first
example of this type of analysis being applied to time-resolved
XRD, as well as spatially-resolved XRD-CT, of copper-based LT-
WGS catalysts.[10,92,93]

The distribution of stacking fault probabilities across the
three interrogated planes of the sCZA and sCZA� Cs catalyst
beds reduced under 5% H2 are shown in Figure 15. The (c)
bottom of both beds contains a much larger α than the (a) top
and (b) middle positions; Cs-promotion appears to decrease α
here. However, this behaviour is reversed in the middle of the
catalyst beds with sCZA� Cs exhibiting greater α. For the beds
reduced in 1% and 2.5% H2, α decreases from the (c) bottom of
the bed to the (a) top, with the sCZA beds appearing more
active (refer to section SI-11).

Sintering plays a key role here: the smaller the Cu0 crystallite
size, the greater the stacking fault probability. The chief motive
for particle rearrangement during sintering is to minimise the

excess surface free energy:[94] as the surface defects are
consumed, surface diffusion decelerates.[95] If the temperature
profile follows the grain growth behaviour – increases from the
(c) bottom of the bed to the (a) top – it appears the formation
of SFs favours lower temperatures. It would thus be expected
that the bottom of both standard beds would have greater
WGS activity as a result of this.

Dissolution of Zn into the Cu host matrix has been shown
to be possible for catalysts of these compositions. Paired with
the (a) top of the bed (outlet) being open to the atmosphere, it
is possible these stacking fault probability plots would also
correlate with stacking fault energy.[96] The larger oxygen
content at the top of the reactor would inhibit partial reduction
of the zinc, minimising the available oxygen vacancies, and
increasing the Cu-ZnO interface free energy (reduced SMSI). In
comparison, the (c) bottom of the bed receives the reducing
gas free of any oxidants, allowing partial reduction of the Zn to
occur, decreasing the interface energy and promoting substitu-
tional surface-alloy formation.[97] Along the length of the bed,

water released during activation hydroxylates the ZnO(10 1
�

0)
surface promoting grain growth of the ZnO support, further
reducing the [α].[41,56,57]

The average stacking fault frequency per x layers have also
been calculated and displayed in Table 3 to highlight the
amount of information shown across the XRD-CT planes and
the issues with bulk measurements. For reference, M. Behrens
et al. found that an active CuO/ZnO/Al2O3 (60/30/10) catalyst for
MeOH synthesis had an α of ~0.018, which corresponds to a SF
in the stacking of the (111) layers once every 56 layers.[10,72]

Figure 14. Zn LMM Auger spectra of sCZA and sCZA� Cs following reduction.

Figure 15. Stacking fault probabilities across the (a) top, (b) middle and (c)
bottom of the (A) sCZA and (B) sCZA� Cs catalyst bed reduced under 5% H2.

Table 3. The average frequency of SFs per x layers, as calculated from the
XRD-CT, for the standard and high Cu loading catalysts reduced under 5%
H2/Ar.

[72]

Position in bed Frequency of SFs per x layers
sCZA sCZA hCZA hCZA-Cs

[a] top 72 72 76 104
[b] middle 60 60 59 50
[c] bottom 38 38 48 61
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On first inspection of the distribution of stacking fault
probabilities across the unpromoted and promoted high Cu-
loaded catalyst beds (see Figure 16), the higher [Cu0] (or the
lower [ZnO]) is detrimental to the formation of stacking faults.
Following the explanation for the standard catalysts, this
appears to be a result of weak metal-support interactions
between Cu0 and ZnO reducing stacking fault formation. The
(A-c) bottom of the hCZA bed contains the greatest stacking
faut density suggesting that Cs has a greater effect on these
systems. Interestingly, the α appears quite uniform across the
(B-b) middle and (B-c) bottom of the hCZA� Cs bed, perhaps
indicating that the maximum number of SFs have been formed.

Summary and Conclusions

In summary, the work presented has described how greater
edge character of dislocations and subsequent stacking fault
probability, α, is dependent on higher [H2], smaller Cu

0 (and
ZnO) crystallite size, increased [ZnO] (30 wt.%, sCZA) and on
lower temperature; it is expected that these microstructural
properties would increase their water-gas shift activity. Cs-
promotion of these catalysts does not appear to impact the
microstructure of the active Cu0 component greatly, although it
does promote sintering, and may inhibit the promotional
effects of the zincite ZnO.

It has been shown that the Cu0 lattice defects, in particular
stacking faults, arise as the reduction occurs. This can be
attributed to both the dissolution of Zn in the host Cu matrix,
as well as the increased [H2] facilitating the partial reduction of
Zn. It is proposed that the Cu-ZnO synergism promotes the
formation of dislocations with more edge character, making
ZnO a key microstructural component which contributes
towards thermal stability and catalyst behaviour.

When the impact of the Cs promoter is considered, its role
as an electronic promoter appears to predominantly effect the
early onset deactivation, whereby its incorporation as a
promoter increased the sintering effects of the active compo-
nent. It was determined that this was due to Cs preferentially
chemisorbing to the surface of the Cu0 and promoting water
dissociation on the catalyst surface. Despite the AP-XPS studies

suggesting reduction of the ZnO support is facilitated by the
addition of Cs, the electronic properties of the Cs-promoter
ultimately dampen its promotional effects.

To conclude, via XRD and XRD-CT it was determined that α
increases with increasing Zn content via SMSI (this is inferred
from the AP-XPS data), and that Cs-promotion impacts this, not
only by causing sintering of the active component and thus
reducing the stacking fault probability, but also by inducing
further growth of the zincite crystallites, reducing any SMSI
which inhibits formation of the ZnOx overgrowth. Future work
will examine the impact of these subtle differences in micro-
structure on WGS performance.

Experimental Section

Synthesis

The sCZA and hCZA hydroxycarbonate precursors were synthesised
via coprecipitation. Using a Metrohm Titrando, the Cu, Zn, Al
(sCZA=60/30/10 and hCZA=80/10/10) nitrate solution (1 M,
160 mL, 5 mLmin� 1) and Na2CO3 (1.2 M) precipitating agent were
dosed into DI H2O (800 mL, 18.2 MΩcm� 1) heated to 65 °C. The
mother liquor was aged for 1.5 h at 65 °C and pH 7 under vigorous
stirring. The precipitate was then filtered, washed and dried in air at
80 °C for 15 h. The promoted catalysts (sCZA� Cs and hCZA� Cs)
were prepared via incipient wetness impregnation. The sCZA and
hCZA precursors were impregnated with a solution of ~1 wt.%
Cs2CO3 (determined by pore volume). These were then dried in air
at 80 °C for 15 h. All catalyst precursors were calcined in air at
300 °C (2 °Cmin� 1) for 5 h. The calcined sCZA, sCZA� Cs, hCZA and
hCZA� Cs catalysts were compressed into a 13 mm disc using a
hydraulic press (Specac Ltd., UK), then crushed and sieved (125-
250 μm).

Ex situ characterisation

Infrared (IR) spectra were recorded with a Thermo Scientific Nicolet
iS 10 FTIR spectrometer at a spectral resolution of 2 cm� 1,
accumulating 64 scans.

Chemical compositions of the catalyst samples were determined by
X-ray fluorescence (XRF). This was measured using a PANalytical
Epsilon 3-XL spectrometer at the ISIS Materials Characterisation
laboratory, Harwell, UK, and analysed using Epsilon 3 software.

Using a Mettler-Toledo TGA/DSC 1 Star TGA at Yara International,
Porsgrunn, NO, the thermogravimetric analysis (TGA) was con-
ducted in a flow of air at a heating rate of 20 °Cmin� 1 from room
temperature to 900 °C, with an isothermal time of 90 min. Evolved
gas analysis (EGA) was carried out with a Pfeifer Thermostar GSD
320 T2 mass spectrometer (MS).

Temperature-programmed reduction (TPR) experiments were car-
ried out in a ChemBET Pulsar TPR/TPD instrument, which is a
Quantachrome automated chemisorption analyser. The operating
variables (S0, F, C0 and β) were chosen to ensure 0.9<K<2.3 min
and P<20 K were satisfied.[98,99] Each sample was heated to 400 °C
(10 °Cmin� 1) in 30 mLmin� 1 of 10% H2/Ar. The amount of sample
reduced was dependent on the [Cu] in the investigated catalyst.

X-ray diffraction (XRD) measurements were collected with CuKα1
(λ=1.5404 Å) radiation using an accelerating voltage/current of
40 kV/40 mA respectively on a Bruker D8 Advance powder diffrac-
tometer equipped with a Vantec-1D-Linear detector at Diamond

Figure 16. Stacking fault probabilities across the (a) top, (b) middle and (c)
bottom of the (A) hCZA and (B) hCZA� Cs catalyst bed reduced under 5% H2.
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Light Source (DLS), Harwell, UK. The diffractograms were recorded
using DIFFRACplus XRD Commander software in a locked coupled
continuous mode between 5–60 °2θ with a step size of 0.017°.
1.0 mm divergence and 0.6 mm detector slits were used for all
scans. Phase identification of the patterns was carried out using
PANalytical X’Pert HighScore Plus.

AP-XPS measurements collected at B07, DLS

In situ ambient-pressure X-ray photoelectron spectroscopy (AP-XPS)
experiments were performed at Versatile Soft X-ray (VerSoX)
beamline B07 at Diamond Light Source.[100] The VerSoX APXPS end
station is equipped with a differentially pumped PHOIBOS 150 NAP
hemispherical electron energy analyser, which allows in situ
measurements in mbar range. In the geometry adopted during the
experiments, photoelectrons were detected at an angle of 54.7 °
with respect to the direction of the surface normal, and linearly
polarized light was used throughout the experiments. The spectra
were energy calibrated using C 1s at 285.0 eV and were normalised
at the maximum intensity.

The authors provided the sCZA and sCZA� Cs catalysts in powder
form, which were then dispersed as a thin film on a gold coated
silicon wafer with an area of ~0.5 cm2. The wafer was fixed to the
sample holder with stainless steel clips. The catalysts were heated
(10 °Cmin� 1) in resistive mode, and the temperature was monitored
with a Type-K (chromel-alumel) thermocouple integrated into the
sample holder. Within the Tea Cup reaction chamber (0.7 L), the
catalysts were reduced in H2 (50 mbar) at 220 °C for 1 h, and then
the pressure was evacuated (1 mbar) and spectra were measured
with 1700 eV excitation. Ultrapure gases were utilized, which were
introduced through precision leak valves.

XRD and XRD-CT measurements collected at ID15 A, ESRF

In situ synchrotron X-ray diffraction and XRD-computed tomog-
raphy (CT) measurements were collected at the ESRF on beamline
station ID15 A using a 70 keV monochromatic X-ray beam with a
30×20 μm (H×V) spot size (λ=0.17463 Å). The detector used to
collect the 2D diffraction patterns was a Dectris Pilatus3 X CdTe 2 M
(1475×1679 pixels, pixel size of 172×172 μm) hybrid photon
counting area detector. The beam was calibrated using a CeO2 NIST
standard.

The catalytic reactor set-up consisted of the CuO/ZnO/Al2O3(-
Cs2CO3) catalyst (0.3 g, bed length of 1.9 cm) supported on quartz
wool in a 4.5 mm quartz capillary. This was then mounted into a
gas delivery stub, which was attached to a standard goniometer on
a rotation and translation stage. The furnace was lowered to cover
the sample tube and heat the catalytic reactor from all directions,
from ambient up to 230 °C at atmospheric pressure. The gas inlet
was placed at the bottom of the bed and the top of the bed was
open to the atmosphere. Prior to the beamtime experiments,
temperature calibrations were carried out in spare catalyst with a
thermocouple embedded in the bed to ensure there was no
obvious gradient along the bed; however, the gases were not
heated as they were delivered.

To investigate the impact of the activation procedure on the
resultant catalyst microstructure, each sample was first heated to
160 °C (5 °Cmin� 1) in Ar, reduced in flowing H2 (1%, 2.5% and 5%)
in Ar up to 230 °C (1 °Cmin� 1) and held at this temperature until
fully reduced (or for as long as possible). The GHSV was 1985 h� 1.
Two gas bottles were used containing a 5% H2/Ar mix and 100%
Ar. The gas flow rate (10 mLmin� 1) was controlled by two MFCs
(Alicat MC-10SCCM� D).

Point measurements were taken along the catalytic reactor bed (Z-
scanning) at either 3 or 11 positions during the reduction ramp
(160–230 °C) and during reduction (230 °C isothermal). The top,
middle and bottoms heights are considered comparable across all
measurements; to the best knowledge of the author, the thickness
of the quartz wool was the same, the height of the sample bed was
constant, therefore the temperature in the reactor cells are
considered comparable. This allowed any gradient present in the
catalytic bed to be evaluated at either variable position and
constant time, or at variable time and constant position; the latter
is how the data is presented in this paper.

XRD-CT measurements of the catalyst bed (X,Y-scanning) were
collected at 3 positions, the top, middle and bottom, at the end of
the reduction run (230 °C). During the measurements, the reduction
was stalled by switching the gas flow to pure Ar (10 mLmin� 1).

The parameters for the tomographic measurements were a step
size of 1.2 ° to collect 180 translation steps in an angular range of
0–180° (150 line scans/projections), therefore a total of 27000 2D
powder diffraction patterns were collected for each XRD-CT scan.
The physical area covered by the beam was 5.4×5.4 mm2. These
were radially integrated to give 1D powder diffraction patterns,
after applying a filter that removed outliers and single-crystal
diffraction artefacts using nDTomo and pyFAI software packages. A
filter back projection algorithm was then employed in MATLAB to
reconstruct each sinogram.[101–103] The sinograms consisted of a 3D
matrix (200×200×1990 matrix) in which the 1st dimension
illustrates the translation steps, the 2nd the rotation steps and the
3rd dimension shows the channels in the 1D patterns, giving a total
of 1990 sinograms.

It should be noted that tan2θ broadening (parallax problem) is not
considered an issue when evaluating the measured data. This is
most clear when evaluating the Cu0 crystallite size across the plane
of the bed – if broadening were an issue, it would be expected that
a gradient would be apparent (exemplar data has been included in
SI-12 in Supporting Information).
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