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Abstract 

Supported ionic liquid phase (SILP) catalyst systems containing homogeneous Ru-complexes 

dissolved in ionic liquids (ILs) catalyze the water-gas shift reaction (WGSR) at very low 

temperatures, i.e., between 120 to 160 °C. One limiting factor of the SILP WGS technology is the 



low solubility of CO in most ionic liquids. To overcome this issue, we study the influence of 

different transition metal chloride additives on the activity of Ru-based WGS SILP catalysts. CuCl 

as additive was found to enhance the activity by almost 30 %. This increase in activity peaks at a 

CuCl addition of 4 M as a result of the interplay between increasing CO uptake in the ionic liquid 

film as evidenced by means of CO sorption and thermogravimetry, and the increasing, unfavorable 

ionic liquid acidity at too high CuCl concentrations. The respective chlorocuprate species were 

identified by means of in situ diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) 

in combination with density functional theory (DFT) calculations. We attribute the enhanced 

catalytic performance to cuprate ions that act as CO shuttles within the ionic liquid film. 

Introduction 

Hydrogen is an important resource for many processes like hydrocracking, ammonia and methanol 

production as well as metal fabrication and food production or electronics sector. [1-2] The 

constantly growing demand of hydrogen (around 65 Mt p.a.  [3-4]) is still being supplied from fossil 

fuels via steam reforming, which is the primary route of hydrogen production nowadays. [2-3, 5] 

During steam reforming carbon monoxide is formed as coupling product, which can be a severe 

poison for many catalysts. For high purity hydrogen applications such as fuel cells or ammonia 

synthesis, CO has to be removed. Here, the water-gas shift reaction (WGSR) is the method of 

choice to lower the CO content via conversion of CO and H2O to CO2 and H2. Due to the 

exothermic nature of the WGSR, low process temperatures around 150 °C and below would be 

desirable to obtain high equilibrium conversions. However, commercial heterogeneous catalysts 

must operate at temperatures between 200 °C and 450 °C. [6] In 2010, Werner et al. reported a new 

catalyst system which is based on the immobilization of a homogeneous Ru-complex in thin films 

of ionic liquid (IL). This catalyst allows operation at ultra-low temperatures of 120 °C and therefore 



outperforms the state-of-the-art commercial catalysts. [7] These Supported Ionic Liquid Phase 

(SILP) catalysts consist of a thin IL film containing a homogeneous transition metal-complex 

which is dispersed on a highly porous substrate. [8] The extremely low vapor pressure of the IL 

prevents its stripping and leads to solid materials which are long-term stable, dry and free 

flowing. [8-10] However, one limiting factor can be the carbon monoxide solubility in the IL, which 

is known to be low for many permanent gases in most ILs. [11-12]  

Already in 1960, Kohl and Riesenfeld described the so-called copper liquor process in great detail 

in which CO reacts reversibly with the cuprous ion complex [Cu(NH3)2 ]+ under elevated 

pressures. [13] However, the main problem in this gas-liquid processes the stability of the Cu+ ion, 

which is the active species for the reversible CO adsorption. [14] Another process for selective CO 

separation is the COSORB process described by Haase et al. [15] Here, CO is in equilibrium with 

the activating agent (CuAlCl4) in a hydrocarbon solvent (typically toluene) under mild conditions. 

[16-17] Again, the main issue is the stability of the CuAlCl4 complex, which is prone to react with 

impurities such as H2O or H2S. [14] A commercially well-established process for the selective CO 

recovery is the pressure swing adsorption (PSA) which is currently the dominating technical CO 

separation method. [18] In this process, the adsorbent consists of an activated alumina/carbon carrier 

which is impregnated with CuCl as the active chemisorption species. [19] Besides the above-

mentioned processes, which are focusing on aluminous and cuprous compounds, various other 

possibilities for the selective and reversible binding of CO have been described in the literature. 

Benner et al. investigated the insertion of CO into the metal-metal bond of some palladium(I) or 

palladium(0) dimers [20], while Komatsu et al. reported the binding of CO to “double-sided” 

porphyrinatoiron(II) complexes. [21] Tyeklár et al. in turn described reversible reactions of CO with 

copper(I) complexes containing tris(2-pyirdylmethyl)-amine ligands. [22] In 2012, David et al. 

reported on the use of chlorocuprate imidazolium-based ILs for the absorption of CO. [23] 



Interestingly, chlorocuprate compounds have already been synthesized and characterized since the 

1960ies in various studies without addressing adsorption applications. [24-29] It was found that at 

low metal halide content, the formed species exhibit Lewis-basic behavior, while at high metal 

halide content they become Lewis-acidic. [29-30] It should be noted that CO binds reversibly via π-

interactions to transition metal complexes. These bonds are typically of rather low strength and can 

be formed between e.g. d-block elements and ligands like CO. [19]  

The aim of the present work is to push the performance of Ru-based SILP WGS catalysts by 

additives to the supported IL film that improve the CO uptake in the IL catalyst layer. In detail, we 

modify 1-butyl-2,3-dimethylimidazolium chloride ([C4C1C1Im]Cl), which is the standard IL in 

SILP WGS systems based on previous studies [31], with a selection of transition metal chlorides 

resulting in the formation of the respective chlorometallate ILs. In particular, we focus on the 

influence of the different additives on the catalytic activity as a function of temperature. Observed 

effects on the catalytic performance are correlated with the CO uptake of the doped [C4C1C1Im]Cl 

as quantified by sorption and gravimetric studies. The different species formed under these 

conditions are assigned with the help of DRIFTS and DFT calculations. 

Experimental 

SILP catalyst preparation. All SILP catalysts were prepared in Schlenk flasks under argon 

atmosphere at ambient pressure and temperature. First, the [C4C1C1Im]Cl (purchased from Merck 

KgaA, LOT: 99/818) was dissolved in dichloromethane (DCM; Sigma-Aldrich, 

LOT: SZBG073AV) and stirred for 10 - 15 min. Subsequently, the precursor complex 

[Ru(CO)2Cl3]2 (Alfa Aesar, LOT: X06C034) was dissolved in the mixture by adding further DCM 

and stirring for another 10 - 15 min. If an additive (Merck KgaA: CoCl2, LOT: H02X026, 99.9 %; 

CuCl, LOT: A999739833, ≥ 97.0 %; FeCl2, 0000021293, ≥ 98.0 %); ZnCl2, LOT: B0124916814, 



98.0 %; AnalaR Normapur: NiCl2, LOT: 07E290005, ≥ 98.0 %) was added, the latter was dissolved 

using further 10 mL of DCM and the mixture was stirred for 60 – 90 min. Finally, the alumina 

support (ɤ-Al2O3, Sasol Germany GmbH, LOT: B39598) was added to the mixture and stirred 

shortly for 2 – 5 min to avoid mechanical stress of the support material. After removing the stirring 

bar, the solvent was removed in two steps using a rotary evaporator (step 1: 3 h, 40 °C, 900 mbar; 

step 2: 1 h, 40 °C, < 3 mbar). Subsequently, the free-flowing SILP catalyst was stored under argon 

atmosphere. The Ru-loading of the SILP catalyst was wRu= 0.02 gRugsupport
-1 . The pore filling grade 

of the support, which describes the IL volume related to the total pore volume of the support 

material (VIL Vsupport
-1), was α = 0.34. The molar amount of additive to IL (in mol LIL

-1) was varied 

between 0.5 and 8 M corresponding to a molar ratio 𝜒𝜒 (in moladditive / molIL) of 0.04 – 1.4, 

respectively.  

CO uptake measurements. As one possibility to measure the CO uptake of the catalysts, a pulse 

chemisorption setup was chosen. The measurement procedure is described in the DIN standard 

66136-3. [32] In this work, the CO uptake was determined by following a pulse chemisorption 

analysis in an AutoChem 2920 device from Micrometrics®. 0.3 – 0.4 g of the prepared SILP 

catalyst have been placed in a u-bend quartz glass tube. A bed of glass wool prevented the discharge 

of the catalyst. It was ensured, that the catalyst bed was in the isothermal zone of the oven. For the 

chemisorption measurement, the sample was heated to 130 °C with a heating rate of 5 °C min-1 

under a helium flow of 20 mLN min-1. When the measurement conditions were reached, the sample 

was dried for 80 minutes. After drying, the pulse experiment was started with a sample loop volume 

of 0.5 mLN of CO. Between every pulse, the delay time was 6 minutes. The measured TCD signal 

of the eluting CO (as area and peak height) can be directly related to the amount of CO adsorbed 

by the sample under standard conditions (cmN, CO
3  gsample−1 ). The measurement is considered to be 

complete when two consecutive peaks have the same area and height. An exemplary graph of a 



chemisorption experiment with a benchmark SILP system (no additives) is shown Figure S1 in the 

Supporting Information where the TCD signal is plotted over time. The maximum error was below 

5 % and error bars have been omitted for the sake of clarity. 

CO chemisorption was also conducted for various SILP catalysts and reference samples using a 

XEMIS sorption analyzer (Hiden Isochema).[33] The XEMIS analyzer allows for high-resolution 

thermogravimetric analysis (HRTGA) with a superior sensitivity of ± 0.1 µg and can be operated 

at low vacuum or pressures up to 200 bar at a maximum temperature of 500 °C. A total of ~200 mg 

of the particular samples was placed in a cylindrical stainless steel mesh sample holder, exposed to 

a flow of inert He at 27.3 mLN min-1 at 0.1 bar and subsequently heated to 130 °C (5 °C min-1) for 

6 h in order to remove adsorbed H2O. The overall pressure was increased to 1 bar under a 

continuous flow of 100.0 mLN min-1 He and chemisorption of CO was monitored for 6 h after 

changing the flow to 100 mLN min-1 CO. The maximum weight increase during exposure to CO 

represents the maximum CO uptake of the particular samples and can be converted to a mass 

specific volumetric CO uptake by relating the measured weight increase to the mass of the dry 

sample after the preceding treatment under He atmosphere. Here, the maximum error was below 1 

% and error bars have been omitted for the sake of clarity. 

Catalytic evaluation. All catalytic experiments were carried out in a fixed-bed reactor setup 

(1.4571 stainless steel) with an inner diameter of 10 mm and a total volume of 26 mL. The reactor 

and its peripheral structures are depicted in Figure S5 in the Supporting Information. The gases CO 

(3.7, Linde AG) and N2 (5.0, Linde AG) were dosed via mass flow controllers. Water was dosed 

with a liquid flow controller and mixed with N2 utilizing a controlled evaporator mixer (CEM) unit 

from Bronkhorst. The gas mixture consisting of N2, CO and water can either pass through a bypass-

line (for reference measurement purposes) or the fixed-bed reactor. The catalyst samples were 

placed on a 0.5 µm frit to avoid particles from entering the downstream section. After the reactor 



or the bypass-line respectively, the gas mixture was flowing through a condenser unit (T = 1.5 °C) 

in order to remove the moisture from the stream. Finally, the gas composition was analyzed by an 

Emerson X-Stream gas analyzer based on IR technology which allows for in situ measurement of 

the gas mixture. After the ramp-up phase under a low N2 flow (50 mLN min-1), the reaction mixture 

was directed through the bypass-line in order to gain a reference point for the calculation of the 

catalytic activity. Subsequently, the gas stream was sent through the fixed-bed reactor and an 

automated temperature variation program was started (temperature variation from 120 °C as 

reference set point to 140 °C in 5 °C steps with a reference set point in-between each temperature). 

Every temperature stage was kept for 5 h, so that a total time-on-stream (TOS) of 45 h was reached. 

The results of such a typical characterization experiment can be seen for example in Figure 1. 

The calculation of the SILP catalyst activity is based on the turnover frequency TOF shown in 

Equation 1. 

 𝑇𝑇𝑇𝑇𝑇𝑇 =  �̇�𝑛𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝
𝑛𝑛𝑝𝑝𝑐𝑐𝑝𝑝𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑝𝑝

  (1) 

Since the molar flow of product cannot be determined in high accuracy due to a change of the total 

flow caused by the condensation of water before the dry gas was flowing through the online IR-

analyzer, the TOF has to be modified according to Equation 2. 

 𝑇𝑇𝑇𝑇𝑇𝑇 =  �̇�𝑛𝑐𝑐𝑝𝑝𝑠𝑠𝑐𝑐𝑝𝑝𝑝𝑝𝑐𝑐𝑝𝑝𝑠𝑠 ∙ 𝑋𝑋𝑐𝑐𝑝𝑝𝑠𝑠𝑐𝑐𝑝𝑝𝑝𝑝𝑐𝑐𝑝𝑝𝑠𝑠
𝑛𝑛𝑝𝑝𝑐𝑐𝑝𝑝𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑝𝑝

 (2) 

The substrate (CO) molar flow can easily be calculated from the volume flow of the calibrated 

MFC. Since the condensation of water takes place in both operating modes (bypass measurement 

and reactor measurement), it does not affect the measured values anymore, so that the conversion 

can directly be calculated. The molar value of the catalyst is referring to the amount of ruthenium 



atoms in the catalyst sample. The maximum overall error for the catalyst activity amounts to ± 5 

% and error bars have been omitted in the figures for sake of clarity. 

Since the amount of additive is related to the fixed amount of IL which is determined by the pore 

volume of the support material, the quantity is given as molarity value M. For the sake of clarity, 

the conversion between molarities and the molar ratio of additive to IL 𝜒𝜒 is given in Table 1. 

Additionally, the molar ratio of additive to ruthenium 𝜉𝜉 is given as well. 

 

Table 1. Conversion between molarities M of the additive and molar ratio of additive to IL χ. 

Additionally, the molar ratio of the additive to ruthenium ξ is given. 

Molarity M 

moladditive LIL−1 

Additive to IL ratio χ 

moladditive molIL−1 

Additive to Ru ratio ξ 

moladditive molRu−1 

0 0.00 0.00 

0.25 0.04 0.19 

1 0.17 0.77 

2 0.35 1.54 

3 0.52 2.31 

4 0.70 3.08 

5 0.87 3.86 

6 1.04 4.63 

7 1.22 5.40 

8 1.39 6.17 

 

Spectroscopic evaluation. The DRIFTS measurements were conducted using a dedicated in situ 

infrared (IR) setup described in previous work [31, 34] and shown in Figure S6 of the Supporting 

Information. Briefly, the setup consists of a high temperature reactor chamber equipped with 

Praying Mantis diffuse reflectance accessory (both from Harrick). The optical path of the setup is 



completely evacuated, which leads to improved long-term stability during the measurements. The 

temperature of the sample is measured via a type K thermocouple, which is directly in contact with 

the powder sample. All spectra were measured using a KBr beam splitter and a liquid N2 HgCdTe 

detector with a spectral resolution of 2 cm-1 and an acquisition time of 1 min. A total of three 

pressure controllers and five mass flow controllers (Bronkhorst) are employed to adjust the 

pressure (1 mbar – 20 bars), gas composition and gas flow (0.2 – 20 mLN min-1). The experimental 

setup is operated in a completely remote-controlled fashion. This ensures that the pressure and gas 

composition are set accurately and reproducibly according to the predefined procedure. Ar 

(Linde, > 99.999 %) was dosed without further purification, CO (Linde, > 99.997 %) was passed 

through a carbonyl trap (Gaskleen® II Purifier from Pall Corporation) to ensure that the gas feed 

is free of metal carbonyls. Prior to the experiment, each sample was purged over night with 

2 mLN min-1 Ar at 1 bar and 30 °C. The background spectrum was recorded under the same 

conditions. Subsequently, the catalyst sample was exposed to CO (1 bar, 9 min), evacuated 

(~1 mbar, 1 min) and exposed to Ar (1 bar, 10 min). This procedure was applied at temperatures 

between 30 and 120 °C in temperature steps of 30 °C. Maximum standard deviation of this 

procedure is less than 7 % and error bars have been omitted for sake of clarity. Heating and cooling 

between the gas exposures was performed with a temperature ramp of 3 °C min-1 in Ar (1 bar). 

Two consecutive heating/cooling cycles were performed for all samples.  

Computational details. The DFT calculations were carried out using the TURBOMOLE [35-36] 

software package. The BP86 [37-38] functional with atom-pairwise (“D3”) dispersion corrections [39] 

was used in combination with the def2-TZVPPD [40-41] basis set, which includes diffuse functions 

to account for a reasonable description of the anionic species. This kind of an approach has been 

successfully applied to similar systems. [42-43] Optimizations were carried out without any 



constraints and vibrational frequencies were determined using the analytical derivatives of the 

energy as implemented in the AOFORCE module within TURBOMOLE. 

Results and discussion 

Due to the fact that the benchmark system already contains ruthenium, we focus on the application 

of cheap non-noble metal chlorides for the improvement of the CO uptake. As a measure for the 

catalytic activity, the Ru-based turnover frequency (TOF, see Eq. 1) has been calculated for every 

system. The basis for the evaluation is a temperature variation experiment at constant feed flows 

and compositions. Using the example of a 2 M CuCl catalyst, the result of a typical experiment is 

shown in Figure 1. Turnover frequency (TOF) values are shown as a function of the reaction 

temperature over the course of the time-on-stream of the continuous catalytic experiment 

demonstrating good stability of the CuCl-modified system under investigation.  
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Figure 1. Turnover frequency (TOF) data obtained from a 2 M CuCl-doped SILP WGS catalyst 

sample. TOF (left y-axis) and temperature in the catalyst bed (right y-axis) are plotted over time-

on-stream (TOS) of the continuous experiment.  T = 120 – 140 °C, p = 1 bar, precursor = 

[Ru(CO)3(Cl)2]2, loading (Ru) = 0.02𝑔𝑔 𝑔𝑔 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆−1 , IL = [C4C1C1Im]Cl, α = 0.34, MCu Cl = 2 𝑚𝑚𝑚𝑚𝑚𝑚 𝐿𝐿𝐼𝐼𝐼𝐼−1, mc at  

= 2.0 g, pH2O: pC O = 2:1, �̇�𝑉𝑆𝑆𝑆𝑆𝑆𝑆  = 174  𝑚𝑚𝐿𝐿𝑁𝑁  𝑚𝑚𝑚𝑚𝑚𝑚−1, TOS = 45 h. 

From these raw data, an averaged TOF for every temperature stage has been calculated based on 

the measured steady-state conversion. These data have been transferred into the TOF vs. 

temperature diagram shown as Figure 2. For each metal chloride doping experiment shown in the 

Figure, 2.0 g of catalyst sample (molarity of the metal chloride was 2 in all cases; χ = 0.35) was 

placed in the reactor and tested in a temperature variation experiment (120 °C – 140 °C in 5 °C 

steps) with a total time on stream (TOS) of 45 h.  

 

Figure 2. Catalytic results for the WGS experiments with different transition metal chlorides 

additives (CuCl,  FeCl2,  ZnCl2,  CoCl2,  NiCl2) compared to the benchmark SILP 

experiment (  with dashed line) and pure CuCl in ionic liquid ().  Reaction conditions: T = 120 – 

140 °C, p = 1 bar,  precursor = [Ru(CO)3(Cl)2]2,  loading (Ru) = 0.02𝑔𝑔 𝑔𝑔 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆−1 , IL = [C4C1C1Im]Cl, 
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α = 0.34, Maddi t ive = 2 𝑚𝑚𝑚𝑚𝑚𝑚 𝐿𝐿𝐼𝐼𝐼𝐼−1, mcat = 2.0 g, pH2O: pCO = 2:1, �̇�𝑉𝑆𝑆𝑆𝑆𝑆𝑆  = 174 𝑚𝑚𝐿𝐿𝑁𝑁 𝑚𝑚𝑚𝑚𝑚𝑚−1, TOS = 45 h. 

Maximum error ± 5 %, error bars omitted for sake of clarity.  

In this plot, the benchmark system without additives is indicated with a dashed line for better 

comparability. It can be seen, that the additives used can be subdivided into three groups with 

respect to their effect on the catalytic performance. Additives of group one show a negative 

influence, here shown for NiCl2. This compound reduces the activity by - 55 % at 120 °C and by 

- 61 % at 140 °C compared to the benchmark system. This behavior can be attributed to the fact 

that NiCl2 added to chloride ILs forms tetrahedral [NiCl4]2− ions. [44-45] This anionic 

chlorometallate complex is known to build strong hydrogen bond interactions with the protons at 

imidazolium cations. By doing so, the imidazolium-ring protons and [NiCl4]2−ions build an 

extended three-dimensional hydrogen-bond network. [44] We suggest that this leads to a strong 

decrease of ion mobility, accompanied by a loss in reversible CO binding capacity.  

Additives of the second group, containing ZnCl2 and CoCl2 as additives, did not show any effect 

at low temperatures while they tend to decrease the activity slightly at elevated temperatures (e.g. 

ZnCl2: - 12 % and CoCl2: - 15 % at 140 °C) in comparison with the benchmark system. The mildly 

negative influence of these transition metal halides can be explained by the influence of the additive 

on the IL acidity at higher molar ratio 𝜒𝜒 of the additive. At these concentrations the additive changes 

the IL from Lewis-basic (low metal chloride addition; chloride rich IL) to neutral and further to 

Lewis-acidic (high metal chloride addition; chloride poor IL). [23, 46] This change is coming along 

with the loss of the IL’s ability to reversibly bind CO. [23] For ZnCl2 and CoCl2 this critical neutral 

regime was determined to be at 𝜒𝜒 = 0.30 – 0.33. [29-30, 47] Using the example of ZnCl2, in this very 

narrow neutral zone, an equilibrium of free Cl-, Lewis-neutral [ZnCl4]2− and Lewis-acidic 

[Zn2Cl6]2− has been suggested by Taylor et al. [48] Since the value for 𝜒𝜒 in the screening 



experiments is 0.35 (see Table 1), the natures of the Zn and Co-doped ILs are expected to be Lewis-

acidic.  

Additives of the third group exhibit an overall positive influence, here shown for CuCl and FeCl2. 

While FeCl2 is showing a catalytic enhancement of +14 % at 120 °C, a slight decrease in activity 

was measured for 140 °C (- 4 %). CuCl, however, reveals a catalytic improvement of +24 % at 

120 °C and +16 % at 140 °C. The positive effect of these two additives can be explained with the 

physical properties of the generated metal-halide ILs. For both d-block metals, the neutral zone is 

predicted to be at 𝜒𝜒-values > 0.33 so that Lewis-basic or neutral species should be predominant 

under the applied conditions. [30] In the case of Fe(II)+ containing ILs, however, a temperature 

depending effect can explain the diminishing positive influence. Sitze et al. suggested the 

possibility of the formation of higher coordinated Lewis-acidic species such as [Fe2Cl5]− at 

elevated temperatures. [46] This is in good accordance with the findings of Lecocq et al. who also 

showed evidence for the formation of higher coordinated species depending on the temperature. 

[49] Furthermore, Taylor et al. reported an equilibrium between Fe(II) and Fe(III) species. [50] The 

latter ones are known to form higher coordinated, acidic complex ions which are favored under 

elevated temperatures. [46] After all, only CuCl seems to have a significant positive effect on the 

catalyst activity of the Ru-based SILP-catalyzed WGSR over the whole temperature range under 

investigation. In order to exclude a potential catalytic activity of CuCl itself, a blank SILP catalyst 

sample was prepared which did not contain any Ru-precursor complex but only the IL and CuCl. 

As shown in Figure 4, CuCl does not show any WGS activity in our system. Therefore, CuCl seems 

to act as CO shuttle only and is not forming an active catalyst in absence of the Ru-precursor.  

Encouraged by the positive effects found for the CuCl-doped SILP WGS systems, we varied the 

molar ratio 𝜒𝜒 in a next set of experiments to check for a correlation between the enhanced catalytic 

activity and the amount of CuCl present in the catalyst sample. Furthermore, we tried in this way 



to maximize the activity boost caused by the CuCl additive. The results from varying the CuCl 

loading of the catalyst samples are summarized in Figure 3. There is a strong correlation between 

the CuCl loading of the IL film and the catalytic activity. An increasing activity can be recorded 

with increasing amount of CuCl until a maximum is reached at the 4 M (χ = 0.7) catalyst sample. 

At this point, a rise in catalytic performance of +30 % can be realized (at 135 °C) as compared to 

the benchmark system. From this maximum on, further addition of CuCl leads to a steeply 

declining activity. In the case of the 6 M sample, a loss of activity by - 43 % (at 120 °C) and - 39 % 

(at 140 °C) compared to the benchmark system is measured while the 8 M sample is showing even 

lower values with a decline of - 84 % (at 120 °C) and - 61 % (at 140 °C). Again, the observed 

behavior can be attributed to a change of the Lewis acid-base behavior of the different 

chlorocuprate species being formed upon CuCl addition to the IL. 

 

Figure 3. Catalytic results for the variation of the CuCl content in the IL film of the catalyst samples 

(2 M , 3 M , 4 M ,  6 M , 8 M ) compared to benchmark (no CuCl   with dashed line). 
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Reaction conditions: T = 120 – 140 °C, p = 1 bar, precursor = [Ru(CO)3(Cl)2]2, loading (Ru) = 

0.02𝑔𝑔 𝑔𝑔 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆−1 , IL = [C4C1C1Im]Cl, α = 0.34, MC uCl = 2 −  8 𝑚𝑚𝑚𝑚𝑚𝑚 𝐿𝐿𝐼𝐼𝐼𝐼−1, mcat = 2.0 g, pH2 O: pC O = 2:1, 

�̇�𝑉𝑆𝑆𝑆𝑆𝑆𝑆  = 1747 𝑚𝑚𝐿𝐿𝑁𝑁  𝑚𝑚𝑚𝑚𝑚𝑚−1, TOS = 45 h. Maximum error ± 5 %, error bars omitted for sake of clarity.  

Depending on the CuCl content present in the IL film, different complexes form which are in an 

equilibrium with each other. While complexes with a higher chloride content (lower CuCl loading) 

form Lewis-basic species, such as [CuCl2]− or [CuCl3]2−, which also allow free Cl− ions to coexist, 

complex ions with a lower chloride content (higher CuCl loading) form Lewis-acidic species like 

[Cu2Cl3]− or [Cu3Cl4]− that consume free Cl− ions by forming neutral chlorocuprate species. [23, 

28, 30, 51-52] Such equilibria creating either a chloride-rich (Lewis-basic) or a chloride-poor (Lewis-

acidic) environment have been previously reported for other halometallate IL systems. [30, 47, 53] We 

suggest, that the predominance of Lewis-acidic chlorocuprate species leads to a loss of the IL’s 

ability to reversibly bind CO. Furthermore, it has been shown that free chloride ions play a crucial 

role in the WGS mechanism. As we showed in a previous study, chloride ions induce the reversible 

cleavage of the Ru-chloro-carbonyl precursor complex [Ru(CO)3(Cl)2]2, which is a mandatory 

step to form the active species of the reaction. [31] Upon consumption of free chloride by the Lewis-

acidic cuprous species, the equilibrium of Ru-chloro-carbonyl species will be shifted to the less 

active Ru-chloro dimer complex that is less suitable for promoting the WGS reaction.  



 

Figure 4.  Catalytic results for the variation of the CuCl content in the [C4C1C1Im]Cl film (χ) of the 

catalyst samples at different temperatures (120 °C ,  125 °C ,  130 °C ,  135 °C ,  140 °C ) . 

T = 120 – 140 °C, p = 1 bar, precursor = [Ru(CO)3(Cl)2]2, loading (Ru) = 0.02𝑔𝑔 𝑔𝑔 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆−1 , IL = 

[C4C1C1Im]Cl, α = 0.34, MCuC l = 2 −  8 𝑚𝑚𝑚𝑚𝑚𝑚 𝐿𝐿𝐼𝐼𝐼𝐼−1, mcat  = 2.0 g, pH 2 O: pC O = 2:1, �̇�𝑉𝑆𝑆𝑆𝑆𝑆𝑆  = 1747 𝑚𝑚𝐿𝐿𝑁𝑁 𝑚𝑚𝑚𝑚𝑚𝑚−1, 

TOS = 45 h. Maximum error ±  5 %, error bars omitted for sake of clarity.  

To confirm these assumptions, the overall trend for a variation of the CuCl content has to be taken 

into account at different temperatures. The results of these experiments are given in Figure 4 where 

the TOF is plotted over the CuCl loading at different temperatures. It can clearly be seen, that the 

activity of the catalysts is increasing for every temperature with an increasing CuCl loading. At all 

temperatures, a maximum is being reached at the 4 M doped catalyst (𝜒𝜒 = 0.7) confirming the 

conclusions given above. Interestingly, the transition point from Lewis-basic to Lewis-acidic is 

reported to be around a molar ratio of CuCl to chloride IL of 𝜒𝜒 = 1. [23] We found, that this transition 

range in our application is shifted to around 𝜒𝜒 = 0.7. We suggest that this deviation can be attributed 



to two different effects. First of all, our system does not consist of a pure mixture of CuCl and an 

imidazolium chloride IL. The active compound we use is a Ru-chloro-carbonyl dimer which needs 

some chloride ions to form the active species. Therefore the real χ-value in our system is shifted to 

a higher value. If we assume that every Ru-atom in the mixture is consuming one chloride ion, the 

theoretical molar ratio of CuCl to IL would shift to χ = 0.92 which is already very close to the 

transition range given in literature. Furthermore, water is being absorbed by the IL at process 

conditions of the WGS reaction. As Gazitúa et al. reported, impurities such as water may 

significantly affect the Lewis acidity or basicity of imidazolium-based ILs. [54] This effect could 

also play a role concerning the transition range from the basic to the acidic regime in our system. 

To verify the improved CO uptake caused by the CuCl additive, we performed CO chemisorption 

experiments and thermogravimetry analyses (see Figure 5). 
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Figure 5. Mass specific volumetric uptake of CO on the dry SILP catalysts (including Ru precursor) 

at 1 bar and 130 °C as a function of the CuCl content in the [C4C1C1Im]Cl film (χ) obtained by 

means of pulse chemisorption experiment in an AutoChem analyzer () and high-resolution 

thermogravimetry in a XEMIS sorption analyzer (). Solid lines are based on second order 

polynomial fits. Maximum error ± 5 %, error bars omitted for sake of clarity.  

Interestingly, both techniques show a maximum of CO uptake in the same region (χ = 0.7 – 0.9). 

This value is also in good accordance with the maximum catalyst activity throughout the measured 

temperature ranges (compare to Figure 3). By using the pulse chemisorption setup, the benchmark 

catalyst system showed a CO sorption of 0.87 mLN g-1 while the maximum uptake value is more 

than tripled to 3.01 mLN g-1 (χ = 0.7). With the HR-thermogravimetry setup, a value of 2.85 mLN g-

1 is obtained for the benchmark catalyst, which is more than doubled to 6.69 mLN g-1 at the peak 

uptake (χ = 0.87). The difference in absolute CO sorption as well as the slight variation of the peak 

position can be attributed to the different measurement techniques. In the case of the pulse 

chemisorption experiments, gas sorption cannot reach full equilibrium due to a short contact time 

of the dosed CO in the helium carrier gas flow. In contrast to this technique, the HR-

thermogravimetry setup allows the catalyst systems to reach equilibrium gas uptake (Figure S2), 

due to the fact that the samples are exposed to a pure CO atmosphere for an extended duration. 

Further, HRTGA allows for the relation of the CO uptake to the dry mass of catalyst. It has to be 

pointed out that no adsorption of CO is detected when analyzing SILP catalysts without dissolved 

Ru-precursor (Figure S3). This finding strongly supports the hypothesis of the different Cu species 

acting as CO shuttle, transferring CO to the Ru-complex under reaction conditions. Furthermore, 

it can be denoted, that a CuCl addition also yields a similar trend for the relative amount of adsorbed 

H2O in the as-prepared SILP catalysts (see Figure S4). 

In a next set of experiments, we investigate selected catalyst samples with DRIFTS to probe 

whether Cu carbonyls are formed in the Ru-based water gas shift (WGS) catalyst. IR spectroscopy 



is highly sensitive towards metal carbonyls. In a recent publication, we employed DRIFTS to 

differentiate between several [Ru(CO)xCly]n complexes in the IL phase of a SILP catalyst. [31] We 

showed that exposure of CO to [Ru(CO)3Cl2]2/[C4C1C1Im]Cl/Al2O3 leads to the formation of CO-

rich Ru complexes with broad vibrational features in the carbonyl region of the IR spectra. In the 

present study, we conducted DRIFTS experiments with Ru-free samples. This ensures that the 

carbonyl features originate from Cu carbonyls only. We assign the peak positions obtained 

experimentally with the help of DFT. In Figure 6a and 6b, we show the spectra of pristine 

CuCl/Al2O3 as a reference and CuCl/[C4C1C1Im]Cl/Al2O3 (4 M doped catalyst showing maximum 

activity improvement) in 1 bar CO at the temperatures indicated. CO gas phase signals were 

subtracted using a CO reference spectrum and a low pass filter. Details on the procedure have been 

described previously. [34, 55] Further post-data treatment includes normalization of the spectra to 

compensate for changes in the reflectivity induced by heating and baseline correction. [56]  

 



Figure 6. In-situ DRIFTS during exposure of CuCl-modified samples to CO: DRIFT spectra recorded 

in 1 bar CO on (a) CuCl/Al2O3 and (b) CuCl/[C4C1C1Im]Cl/Al2O3 at the temperature indicated; c) 

DRIFT spectra and evolution of the integrated peak area upon removal of the CO gas phase.  

The spectra obtained from the IL-free CuCl/Al2O3 sample are depicted in Figure 6a. They show 

features at 2131 and 2121 cm-1 and smaller peaks at 2080, 2073 and 2046 cm-1. The intensity of 

the observed bands does not change during the experiment. The spectra recorded during exposure 

of CuCl/[C4C1C1Im]Cl/Al2O3 to CO (Figure 6b) exhibit similar bands. However, the intensity of 

the features at 2090, 2073 and 2044 cm-1 increases drastically upon cooling which is in good 

accordance with literature stating that the CO complexation is of exothermic nature. [23] We 

attribute all peaks observed to the formation of Cu carbonyls. Depending on the starting material, 

it is plausible that Cu monomers, dimers and anionic species are present. [52, 57] In Table 2, we 

present peak positions derived from DFT calculations for a set of proposed Cu species. Starting 

from CuCl, the addition of CO leads to formation of neutral monomers Cu(CO)xCl (1 – 3 in Table 

2). According to DFT, these species exhibit peaks at > 2100 cm-1, which corresponds well with our 

experimental data. Haakanson et al. precipitated Cu(CO)Cl from organic solutions and reported an 

intense peak at 2127 cm-1, which is in excellent agreement with the peak center at 2131 cm-1 

observed during our CO dosing experiments. Therefore, we assign the bands observed for the 

CuCl/Al2O3 sample to neutral Cu(CO)xCl (x = 1 – 3) species. 

 

  



Table 2. Peak positions of copper carbonyls as derived from DFT. The most intense peak is 

highlighted in bold.  

Index Species ν(CO)DFT 

 Neutral monomers 

1 Cu(CO)Cl 2109 

2 Cu(CO)2Cl 2120, 2080 

3 Cu(CO)3Cl 2129, 2091 

 Neutral dimers 

4 [Cu2(CO)2(µ-Cl)2] 2085 

5 [Cu2(CO)4(µ-Cl)2] 2080, 2107 

 Anionic dimers 

6 [Cu2(CO)2(µ-Cl)3]- 2016 

 Anionic monomers 

7 [Cu(CO)Cl2]- 2001 

8 [Cu(CO)2Cl2]- 2005, 2046 

 Di-anionic monomers 

9 [Cu(CO)Cl3]2- 1937 

 

Additionally, we find an intense peak with contributions at ~2045, ~2070 and ~2090 cm-1 for the 

4 M doped (𝜒𝜒 = 0.7) CuCl/[C4C1C1Im]Cl/Al2O3 system. Huang et al. identified [CuCl2 ]-, 

[Cu2Cl3 ]- and [Cu3Cl4 ]- in a mixture of CuCl and [C4C1Im]Cl. [52] David et al. studied a mixture 

of CuCl and [C6C1Im]Cl and attributed the observed CO uptake to formation of [Cu(CO)Cl3]2-.[23] 

Both systems are very close to the Cu-modified WGS catalyst studied in this work. According to 

our calculations, however, the calculated peak position of [Cu(CO)Cl3]2- (9, 1935 cm-1) matches 

only poorly the intense band observed in the experiment. A better agreement is found for neutral 

and anionic Cu dimers as well as for anionic Cu monomers (4 – 8, 2085 – 2001 cm-1). As we 

observe at least three distinct contributions during CO dosing, we propose that several Cu species 

coexist in the IL phase with neutral species constituting the biggest share. This finding correlates 



well with the fact, that the CuCl/IL ratio in the investigated 4 M doped catalyst sample should result 

in a system being located in the Lewis neutral range (compare Figure 4). 

During heating, the spectra of CuCl/[C4C1C1Im]Cl/Al2O3 undergo only minor changes as 

compared to the cooling cycle, where the intense bands at < 2100 cm-1 evolve. We attribute this 

induction period to thermally induced changes in the SILP, such as a redistribution of the IL in the 

pores of the support. During catalyst testing, the WGSR is performed at T > 120 °C. At these 

elevated temperatures, we observe only comparatively small carbonyl peaks in case of the IL-

containing sample. This indicates that the Cu carbonyls are present in low concentration in the 

SILP at elevated temperatures due to the exothermic nature of their formation. Further, we 

evaluated the stability of the species by investigating the response of the system to removal of the 

CO gas phase, i.e., to evacuation and/or Ar purging. In Figure 6c, we compare spectra recorded 

after exposure to CO (1 bar), evacuation (~1 mbar, 1 min) and purging with Ar with spectra 

obtained in the same fashion but without the evacuation interval. In the lower panel in Figure 8c 

we show the development of the corresponding peak areas. Evacuation of the reactor volume leads 

to immediate loss of all CO bands. In contrast, a weak feature at 2072 cm-1 is clearly visible in the 

spectra obtained after 8 min of Ar purging without evacuation. This underlines our hypothesis that 

the Cu carbonyls observed are, in general, rather labile species. They decompose in the absence of 

the CO atmosphere, in particular during evacuation and at elevated temperatures. Note that 

dynamic formation and decomposition under reaction conditions is essential for the Cu carbonyls 

to operate as efficient shuttle which provides CO to the Ru catalyst. Due to the fast kinetics of 

formation and decomposition, comparatively low concentrations of the shuttling species can have 

a major influence on the catalytic activity of the WGS catalyst. 



Conclusion 

In this work, we investigated the influence of different non-noble metal chlorides as additives for 

the SILP-catalyzed, ultra-low temperature WGSR using a Ru-complex as active metal. The purpose 

of the additives is to enhance the low CO solubility in ILs, for example compared to our benchmark 

SILP system based on [C4C1C1Im]Cl. Testing of different metal halides revealed that CuCl is the 

additive of choice showing clearly enhanced activity (+30 %) across the entire temperature range 

under investigation (120 – 140 °C). All other additives showed minor activity improvements or 

even deactivation compared to the benchmark system (see Figure 4). The CuCl additive leads to a 

maximum increase in activity (measured as TOF) for the 4 M catalyst sample (χ = 0.7). Further 

addition of CuCl resulted in a loss of the beneficial effect, whereas the blank test with pure CuCl/IL 

samples (without Ru) showed no catalytic activity at all. The observed concentration effect on 

activity can be attributed to the Lewis acid-base properties of the different chlorocuprate species 

formed and their ability to reversibly bind CO. These chlorocuprate species evolve upon CuCl 

addition to the imidazolium chloride IL. We explain the activity enhancement and CuCl 

concentration dependency with the special role of Lewis-basic and neutral chlorocuprate species 

for shuttling CO to the Ru-complex. This shuttling helps to overcome limitations caused by the 

limited CO solubility in the IL. In fact, the CuCl-modified systems showed an increased CO uptake 

with a concentration-dependent maximum located in the same region as the maximum for the 

catalytic activity (compare Figures 5 and 6).  

With the help of DFT calculations and DRIFTS measurements, several chlorocuprate species could 

be identified. To ensure, that observed carbonyl features originate from Cu carbonyls only, Ru-free 

samples were investigated. It was shown, that the majority of the present species are neutral 

Cu(CO)xCl complexes accompanied by minor amounts of Lewis-basic anionic chlorocuprate 



species such as [Cu(CO)𝑥𝑥Cl2 ]. These findings correlate well with the proposed shuttling effect of 

chlorocuprate species in the active WGS SILP system.  

In general, this study shows that the SILP technology holds potential for further optimization by 

additive addition to the supported IL film. Such improvements are of high importance for large-

scale SILP applications, since they allow reducing the amount of catalyst material or the content 

of expensive transition metal species while maintaining the same performance of the WGS reactor 

and CO clean-up unit. 
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