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The CO2 reduction reaction (CO2RR) is a promising route for converting waste CO2

into valuable chemicals and fuels. The analytical tools to quantify CO2RR products

are often slow and have high limits of detection, effectively slowing down research.

We report a differential electrochemical mass spectrometry (DEMS) setup capable

of directly quantifying CO2RR products in the gaseous and liquid phases. We

discuss the design choices, specifically regarding the mass transfer rate of CO2,

and the quantification of CO2RR products.
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Direct quantification of electrochemical CO2

reduction products with an improved DEMS setup

Daniël van den Berg,1 Hendrik Paul Lopuhaä,2 and Ruud Kortlever1,3,*
THE BIGGER PICTURE

To successfully transition from a

fossil fuel-based society to one

based on renewable energy,

switching only to renewable

energy sources is not enough.

New, renewable processes and

catalyst materials to synthesize

bulk chemicals and transportation

fuels will need to be developed.

Electrochemical CO2 reduction is

a promising renewable process as

it directly uses renewable energy

to produce the desired chemicals

under mild conditions.

Despite many efforts to find better

catalytic materials, progress

remains slow due to product

quantification methods with high

detection limits. In an effort to

accelerate catalyst development

research, we have designed an

improved DEMS setup that is four

times faster than conventional

research in H cells. To the best of

our knowledge, it is the first DEMS

setup that is able to

simultaneously quantify carbon

monoxide and liquid products

without the need for additional

measurements.
SUMMARY

The analytical tools to quantify CO2RR products are often slow and
have high limits of detection. As a result, researchers are forced to
extend the duration of their experiments to accumulate sufficient prod-
uct and surpass these detection limits. This slows down research
considerably, and the research scope often remains limited. To help
speed upCO2RR catalyst studies,we havedeveloped a newdifferential
electrochemical mass spectrometer (DEMS) setup and cell design that
enables the quantification of major gaseous and liquid products signif-
icantly faster than conventional analytical techniques. Special attention
was given to the hydrodynamics of the cell to avoid mass transfer lim-
itations and the calibration of the setup to accurately quantify the ma-
jor CO2 reduction products. As proof of concept of the methodology,
the products formed duringCO2RRon a polycrystalline Ag andCuelec-
trode in a 0.1-M KHCO3 electrolyte at different potentials were
measured and quantified.

INTRODUCTION

The electrochemical CO2 reduction reaction (CO2RR) toward valuable products us-

ing renewable electricity can offer an efficient route to reduce CO2 emissions and the

dependence on fossil resources.1–3 However, a stable and selective catalyst for the

direct conversion of CO2 toward these valuable products has yet to be found. De-

pending on the catalyst, different gaseous and liquid products are produced on

the cathode. During initial catalyst development studies, researchers generally use

in-line gas chromatography (GC) and offline high-performance liquid chromatog-

raphy (HPLC) or NMR spectroscopy to quantify gaseous and liquid products, respec-

tively.4 However, these analytic techniques have long analyses times and relatively

high limits of detection, forcing researchers to extend the duration of experiments

to accumulate a detectable concentration of products. Furthermore, HPLC and

NMR measurements are offline and indirect, making it difficult to keep track of

time-dependent processes such as reaction kinetics or catalyst stability. Therefore,

considerable effort has been made to develop techniques that are able to quantify

the production rates of major CO2RR products directly and in real time. Differential

electrochemical mass spectrometry (DEMS) uses a pervaporation membrane to

separate (dissolved) gases and volatile organic compounds from the electrolyte.

The production rates of both gaseous and liquid products are quantified by moni-

toring the responses of the products’ mass peaks in the mass spectrum. Since MS

has a lower limit of detection and both liquid and gaseous products are measured

directly in the same setup, development of new CO2RR catalysts can be sped up

significantly.

One of the earliest DEMS setups that was applied for the reduction of CO2 was used

to monitor the adsorption of CO on Pt.5 Wolter and Heitbaum placed a thin, porous
Chem Catalysis 4, 101065, August 15, 2024 ª 2024 The Authors. Published by Elsevier Inc.
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Teflon membrane close to the working electrode inside the cell.6 The setup allows

for the detection and quantification of gaseous and dissolved molecules in the elec-

trolyte. However, by placing the membrane close to the electrode’s surface, reac-

tants are removed from the electrolyte alongside the products, affecting the reac-

tion conditions near the surface. Kita et al. developed another configuration that

uses a small tip close to the electrode surface to remove formed products,7 thereby

inspiring later similar setups by Jambunathan and Hillier8 and by Wonders et al.9

These setups are able to detect a wide range of gaseous and volatile products,

including hydrocarbons from electrochemical CO2 reduction, CO2 from CO adlayer

oxidation, reduction and oxidation of acetylene, methanol oxidation, and NO and

N2O from hydroxylamine electrochemistry. However, it is difficult to quantify these

measurements as the placement of the tip relative to the electrode surface is poorly

controlled and leads to reproducibility issues. Recently, Clark et al. developed two

setups that were able to semi-quantitatively monitor the production of formed alco-

hols during electrochemical CO2 reduction. By deconvoluting the contribution of

different species to the mass peaks, they were able to quantitatively determine

the production rate of ethanol and 1-propanol on Cu.10,11 However, the setup has

several downsides. First, the cell requires a restrictive working electrode design,

where the catalyst is either coated on the polytetrafluoroethylene (PTFE) membrane

itself or has a specific ring-like geometry. Second, once the solubility limit of gaseous

products in the electrolyte is reached and bubbles start to form, large SDs are

encountered in both the current and mass signal response. Lastly, full deconvolution

of the mass spectrum is not possible without separate measurements from a sepa-

rate flow cell setup and additional HPLC measurements. While for ethanol oxidation

DEMS setups for product quantification already exist,12,13 all of the examples above

are not able to rapidly quantify the product spectrum of previously untested catalyst

material for CO2RR products. Therefore, here, we set out to develop a DEMS setup

capable of directly quantifyingmajor CO2RR products in both the gaseous and liquid

phases in real time without any prior knowledge of the catalyst’s product distribu-

tion. We discuss the design choices of a newly developed electrochemical cell

and MS setup, specifically regarding the mass transfer rate of CO2 to the electrode

and the quantification of the CO2RR products. Finally, we devise a numerical model

to deconvolute the obtained mass peaks and quantify the production rates of the

major CO2RR products without the need for additional measurements. We show

that with the help of this setup, we can determine the product spectrum as a function

of applied potential in a much shorter timescale than is currently possible. This setup

can thus enable the rapid screening of different catalyst materials, thereby speeding

up catalyst development and facilitate testing catalyst under different process

conditions.
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RESULTS AND DISCUSSION

Cell design

An enlarged view of the cell is shown in Figure 1. The catholyte enters the cell

through the side of the catholyte endplate (f), where it encounters the tip of the refer-

ence electrode (BASI RE-6) (g). From here, the electrolyte takes a sharp 90� turn and

enters the flow plate (c). Here, the electrolyte flows through 10 parallel channels over

the working electrode. Parallel channels are chosen to increase the flow velocity of

the electrolyte through the channel, enhancing the mass transfer inside the cell.

One side of the channel is exposed to the working electrode, while the other is in

contact with the membrane (e.g., Nafion 117) to prevent product crossover to the

counter electrode. At the end of the channel, the electrolyte flows back to the end-

plate and takes another sharp turn before exiting the cell. The same design is
2 Chem Catalysis 4, 101065, August 15, 2024
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Figure 1. Magnified view of the DEMS cell

Each of the components is labeled accordingly: counter electrode endplate (a), silicon gasket (b),

flow plate (c), membrane gasket (d), cationic membrane (Nafion 117) (e), catholyte endplate (f), and

BASi RE-6 reference electrode (g).
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maintained on the anodic side. The working and counter electrodes are placed par-

allel to each other to ensure a uniform potential distribution. The exposed surface

areas of the working and counter electrodes are 2.75 cm2 each. The flow- and end-

plates aremanufactured from PEEK and are separated by silicon (0.015-in. high-tem-

perature silicone rubber sheets, McMaster-Carr) gaskets to ensure leak tightness.
Cell mass transfer

When the conversion rate of CO2 at the electrode becomes higher than the supply

rate, the concentration of CO2 at the electrode surface drops. A lower CO2 concentra-

tion at the electrode surface affects the local reaction conditions and gives skewed re-

sults for the catalyst activity and selectivity. Therefore, CO2 depletion at the surface

due to mass transfer limitations should be prevented. Additionally, improved mass

transfer conditions aid in product removal and hinder bubble formation. The mass

transfer of CO2 can be improved by increasing the flow rate of electrolyte through

the cell, thereby decreasing the thickness of the diffusion boundary layer. However,

the liquid product concentration also decreases at higher flow rates and could drop

below the limit of detection of the MS. Therefore, the flow rate was varied to deter-

mine the optimal trade-off for product detection and the hydrodynamics of the cell.

The hydrodynamics of the new cell were determined using the ferri-/ferrocyanide

redox system.14 Since both redox systems use an aqueous electrolyte under the

same temperature and flow rates, the governing hydrodynamics in both systems

were considered to be the same. Therefore, any derived equations to describe

the hydrodynamics in one system could be applied to the other by plugging in

the corresponding values. The ferri-/ferrocyanide system is less complex than the

CO2RR system since it only has a single electron transfer and one reaction product.

Linear sweep voltammograms were recorded at increasing electrolyte flow rates

ranging between 0.2 and 5 mL/min Figure 2A shows that the limiting current goes

up with electrolyte flow rate through the channels, as expected. An expression for

the mass transfer of CO2 to the electrode surface was derived using the film model

(see section S.1 of the supplemental information). A Sherwood expression was ob-

tained from van Male et al. for flow in a microchannel.15 Using this expression,

limiting currents from the model were calculated and compared with the experimen-

tally obtained values in Figure 2A. As shown in Figure 2B, the experimental data fit

well with the obtained expression for the Sherwood number. Therefore, the Sher-

wood expression can be used to calculate the concentration of CO2 at the interface
Chem Catalysis 4, 101065, August 15, 2024 3



Figure 2. Hydrodynamics of the DEMS cell

(A) Linear sweep voltammograms with a sweep rate of 1 mV/s on glassy carbon in the DEMS setup using 0.1 M KHCO3 + 5 mM K3Fe(CN)6$H2O + 5 mM

K4Fe(CN)6. Anodic limiting currents are obtained for each flow rate (dashed lines show the flow rates maintained through the cell).

(B and C) The experimentally measured limiting currents are set out against the calculated limiting currents from the Sherwood model (B) and

Koutecký-Levich equation (C), respectively.
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for a given flow rate and partial current densities during an experiment. Alternatively,

the dependence upon the flow rate can be estimated using the Koutecký-Levich

equation for channel electrodes that was derived by Scherson et al.16:

ilim = 1:0175$n$F$w$h� 1 =

3$L
2 =

3$v
1 =

3$D
2 =

3$c (Equation 1)

Here, n is the number of electrons that is transferred, F is the Faraday constant, w

stands for the width of the channel, h is the half-height of the channel, L represents

the length of the channel, v is the fluid flow velocity in the center of the channel, D is

the diffusion coefficient, and c is the bulk concentration of the reacting species. Fig-

ure 2C shows that the experimentally obtained values also fit well with the Kouteck-

ý-Levich equation. Section S.2 of the supplemental information provides more de-

tails about how the limiting currents were calculated using these two models.

According to Equation 1, the limiting current scales with the flow rate to the power

of 1/3. This means that even though there is some initial gain from increasing the flow

rate, the gain in mass transport to the surface is limited at higher flow rates. There-

fore, the flow rate was set at 1mL/min for all quantification measurements. The liquid

phase product detection limit is �5 mM at this flow rate according to Clark et al.11

The limiting current density at this flow rate is 5.2 mA/cm2 for 2 e�/molCO₂ such as

CO and formate and 15.5 mA/cm2 for 6 e�/molCO₂ products, such as ethylene and

ethanol, as calculated by Equation 1. These limiting currents are on par with limiting

current densities of other electrochemical cells in the literature.17,18

Reproducible collection efficiency

A schematic overview of the setup is given in Figure 3. During an experiment, electrolyte

is stored in a reservoir and pumped through the cell by a peristaltic pump (Masterflex L/S

Digital Miniflex Pump, Dual-Channel) lined with Precision Pump Tubing (Versilon 2001

Tubing, L/S 13). The electrolyte is pumped through the cell using positive pressure, as

otherwise the liquid flow rate would become irregular when bubbles start to form.

This is due to the fixed volume per minute that the peristaltic pump transports. There-

fore, if the electrolyte is pumped using a negative pressure, then the pump has to trans-

port both gas and liquid, and the volume amount of electrolyte will not be the same for

every experiment. We used 1/1600 outer diameter (OD) PTFE tubing (Darwin Microflui-

dics, 1/3200 inner diameter [ID]) to connect all parts of the setup.
4 Chem Catalysis 4, 101065, August 15, 2024



Figure 3. Schematic overview of the DEMS setup

CO2 saturated electrolyte is pumped through the cell. The catholyte flows via a check valve through

a tee-junction where it mixes with dry CO2 gas. Afterward, the two phases are separated using a

bubble trap. The separated gas flows through a static mixer into the gas inlet of the DEMS, while the

liquid directed goes to the liquid inlet of the setup. CE, counter electrode; LIQ., liquid; WE, working

electrode.
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For reproducible and steady CO2RR product detection, it is vital that the products are

collected by themass spectrometer in amanner correspondingwith their rate of produc-

tion inside the cell. However, if the cell outlet is directly connected to theDEMS inlet, the

mass spectrum signal becomes unstable when bubbles start to form on the electrode

and pass over the DEMS membrane after their release. This is in correspondence with

Clark et al., who reported that as soon asbubbleswere formed, the SDof themass signal

increased instantaneously by a factor of 100.10 This observation can be explained by the

vast difference in the density of gaseous products in the gas phase and dissolved in the

electrolyte, as the product density in a bubble is much higher than in the saturated elec-

trolyte. Therefore, when a released bubble passes over the DEMS inlet membrane,

much more product passes through in a short period of time compared to when satu-

rated electrolyte flows over the inlet of the DEMS. As a result, the amount of product

passing the membrane will fluctuate greatly when the membrane is presented with an

immiscible flow of bubbles and saturated electrolyte.

To stabilize the signal of the mass spectrometer, the electrolyte and bubbles exiting

the flow cell need to be separated and enter the mass spectrometer simultaneously

via two different inlets. However, simply separating bubbles from the saturated elec-

trolyte is not enough. If both phases are immediately separated from each other af-

ter they exit the flow cell, then part of the formed gaseous products will enter the

mass spectrometer from the gas phase, while the dissolved gaseous products in

the electrolyte will enter from the liquid phase. Each of these phases has a different

collection efficiency. As a result, the mass signal will no longer be linearly dependent

on the product formation rate.19 Therefore, all dissolved gaseous products need to

be extracted from the liquid electrolyte. In that case, all the gaseous products will

enter the mass spectrometer in the gas phase while all the liquid products will enter

the mass spectrometer dissolved in the electrolyte. Each do so simultaneously

through their respective inlets, which will be referred to as the gas and liquid inlet,

respectively. Drawings and pictures of the gas and liquid inlet can be found in sec-

tion S.3 of the supplemental information.

To adhere to these design criteria, the catholyte is pumped through a PEEK tee-

union, where it mixes with dry CO2 gas that is delivered by a CO2 mass flow

controller (EL-FLOW Select). A schematic drawing of this can be found in Figure 4.

Due to the absence of products in the CO2 gas, dissolved gaseous products are
Chem Catalysis 4, 101065, August 15, 2024 5



Figure 4. Schematic drawing of

the tee-junction where the

catholyte is mixed with a dry flow

of CO2 gas

Both phases travel together down

a stainless-steel tube, during which

dissolved gaseous products are

drawn from the electrolyte into the

gas slugs.
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withdrawn from the liquid phase into the gas slugs while traveling down the tube.

Before both the gas and electrolyte inlet, a microfluidic check valve prevents the

fluid flowing the wrong way (Masterflex One-Way, Avantor and IDEX, inline check

valve). A microfluidic check valve was chosen for the liquid stream to minimize bub-

ble holdup. A 4.5-cm-long 100-mm ID PEEK tube (VWR) was used to insert the gas

into the tee-junction, while a 4.5-cm-long 0.010-in. ID PEEK (VWR) tube was used

for the catholyte to create a stable Taylor flow regime to enhance the mass transfer

of gaseous products from the electrolyte to the gas phase. After the tee-union, both

electrolyte and gas flow together through a 15-cm-long stainless-steel tube (1/8 in.

OD, 1/16 in. ID, Swagelok) in a Taylor flow regime. A rigid material is used here to

stabilize the flow rate of the Taylor flow. The gas and liquid are subsequently sepa-

rated from each other using a commercial bubble trap (Large PEEK bubble remover,

Elveflow) with a hydrophobic membrane.

From here, the separated phases are sent to their respective DEMS inlet. However,

the product concentration that flows into the gas inlet still remains intermittent even

when the product formation is constant, as bubbles containing gaseous products will

still leave the flow cell at irregular intervals. To smooth the concentration gradient at

the gas inlet over time, a static mixer was placed between the bubble trap and gas

inlet to mix the gas stream before it enters the mass spectrometer. The design of the

mixer was based on a series of three small spherical mixing chambers of about 3 cm

in diameter with small 3-mm holes to separate them. At the end of the mixer two

PEEK Frits (2 mm, IDEX) were placed to increase the pressure inside the mixer. Fig-

ure 5 shows a schematic drawing of the static mixer. In the liquid inlet, a PTFE mem-

brane (20 nm pore size, Hangzhou Cobetter Filtration Equipment) is used to sepa-

rate the dissolved liquid products from the electrolyte.

Including the static mixer will result in a more spread-out residence time distribution

that has to be taken into account to correctly link the production rate in the cell to the

corresponding mass peak signal. To determine the residence time distribution of the

setup, a step input experiment was performed by performing chronopotentiometry

experiments at�20mA for 15min in a CO2-sparged 0.1M KHCO3 electrolyte using a

Pt working electrode.20 Since Pt is relatively inactive for CO2 reduction, the only ob-

tained product is hydrogen, and themass peak 2m/e can be used to follow the reten-

tion time of hydrogen in the setup. The results can be found in Figure 6. Here, the

influence of the static mixer can be clearly seen. Even though hydrogen is being pro-

duced in the cell at t = 0, there is a clear delay until the produced hydrogen is de-

tected by the mass spectrometer. In the first minute, there is no hydrogen detection

due to the tubing between the cell and themass spectrometer. Once the gas reaches

the static mixer, the concentration starts to increase steadily. After roughly 7 min, the

concentration stabilizes and the production in the cell matches the collection of

the mass spectrometer. When the chronopotentiometry is stopped at t = 15 min,

the process happens in reverse: first, there seems to be no change for about a min-

ute, and then the concentration at the inlet begins to drop until it reaches the
6 Chem Catalysis 4, 101065, August 15, 2024



Figure 5. Schematic drawing of

the static mixer

The incoming gas flow is mixed

over the direction of the flow

through the 3 metal bulbs that are

stacked on top of one another. The

static mixer is added to the setup

to improve the homogeneity in

product concentration in the gas

flow before it enters the DEMS.
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background value. The rate of productionmatches what themass spectrometermea-

sures only 7 min after an experiment has started. Then, about 1 min after the exper-

iment ends, the measured products start to decline. Therefore, to make sure that the

production rate accurately quantifies products, only measurements within such a

measurement window were taken into account. In practice this means that instead

of sweeping between two potentials, a series of chronoamperometry measurements

is performed of 15 min each. For each measured potential, measurement data ac-

quired between 7.8 and 16.3 min after the start of the chronoamperometry were

taken into account to quantify products.
Product detection and quantification

The setup must be able to quantify the most common CO2 reduction products—

hydrogen, CO, formic acid, methane, ethylene, methanol, ethanol, allyl-alcohol,

and 1-propanol.21,22 Carboxylic acids, such as formic or acetic acid, are present

as ions in the neutral electrolyte and are therefore unable to pass the PTFE mem-

brane at the inlet of the mass spectrometer. Therefore, they cannot be detected by

the DEMS and are omitted from the calibration. Instead, these products were

quantified using HPLC. CO suffers from a lot of background signal as its mass

spectrum overlaps with CO2 (12, 16, and 28 m/e) and N2 (28 m/e). To minimize

the background noise from CO2, mass 28 m/e is measured at a lower electron en-

ergy (19.5 eV), which is the dissociative ionization barrier for CO+ from CO2.
23 As a

result, the electron current for this mass peak signal had to be lowered to 50 mA to

avoid filament failure. To remove background signal coming from air-derived nitro-

gen as much as possible, the back pressure of the scroll pump is supplied with Ar

at 1.15 barg and a flow rate of 0.4 L/min. Moreover, since PTFE tubing is not leak

tight under vacuum conditions, air will leak into the setup and create background

from air that leaks into the setup as a result of the vacuum. To circumvent this, all

tubing between the gas outlet of the bubble trap and the gas inlet of the DEMS is
Chem Catalysis 4, 101065, August 15, 2024 7



Figure 6. Step response function of the DEMS setup

The intensity was rescaled to the maximal measured intensity to show that all formed hydrogen was

collected by the DEMS setup. The measurement window is shaded in green.
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made from stainless steel and has Swagelok fittings. Due to the similar structure

and small mass of the main products, there is much overlap between mass peaks

of the different products. Moreover, mass peaks cannot be used for the quantifica-

tion of products if they are obstructed by too much background signal from other

species, such as CO2, water, air, or Ar. Therefore, there is a limited number of mass

peaks that can be used to detect and quantify the formed products. To optimize

the settings of the mass spectrometer (electron current and secondary electron

multiplier [SEM] voltage), ethanol is calibrated by flowing a series of increasingly

diluted standards from 5 mM to 50 mM through the mass spectrometer using

different settings (see section S.4 of the supplemental information). The limit of

detection for each mass peak is estimated by dividing the SD by the slope of

the obtained calibration coefficient for each mass peak signal. The lowest overall

limit of detection was obtained at an electron current of 500 mA, an electron en-

ergy at 70 eV, and SEM voltage of 870 V. At these settings, 11 mass peaks could

be used to quantify products with a limit of detection of 5 mM: 2, 15, 26, 27, 28, 30,

31, 41, 57, 58, and 59 m/e. Other mass peaks that should give a mass peak signal,

such as 29 m/e, have too much background noise to be used for product quanti-

fication. As mentioned earlier, mass 28 m/e is measured at an electron energy of

19.5 eV and an electron current of 50 mA. A mass peak of 2 m/e is also measured at

these settings to prevent overload at high production rates. Most of these mass

peaks have overlapping contributions from multiple reduction products and

must be deconvoluted.
Mass peak deconvolution and product quantification

For the mass peak deconvolution, the measuredmass peak signals Y and the relative

product concentrations X are assumed to satisfy the following linear model:

Y = m+BX +E (Equation 2)

where Y is an 11-dimensional vector containing the 11 measured mass peak signals, B

is an 11 3 8-dimensional matrix that contains the coefficients, X is an 8-dimensional

vector that contains the concentrations of the 8 products to be calibrated, m is an
8 Chem Catalysis 4, 101065, August 15, 2024
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11-dimensional vector that contains the background signals of each of the 11mass peak

signals, and E is an 11-dimensional random vector representing the measurement error.

The quantification of products is done in two major parts. The first part is a calibration

step in which the matrix B is estimated on the basis of observed combinations of mass

peak signals and relative gas concentrations. The second part is the quantification

step, in which the vector X of gas concentrations is determined from newly measured

mass peak signals and background signals.

Each liquid product is calibrated separately with aqueous solutions of each analyte

in concentrations between 5 mM and 50 mM, while the gas products are simulta-

neously calibrated using calibration mixtures with concentrations between

8,000 ppm and 50 ppm of analytes balanced in CO2. Since the units of concentra-

tion of the gaseous and liquid products are not the same, they are converted to

their corresponding molar production rate in mol/s. The values of the coefficients

are first estimated through calibration. If there was no linear correlation between

the product and mass peak according to National Institute of Standards and Tech-

nology reference spectra,24 then the coefficient was set to zero. On the basis of

n = 26 observed pairs ðYi;XiÞ of (averaged) mass peak signals and relative gas con-

centrations, the remaining non-zero elements in the coefficient matrix are esti-

mated by means of constrained least-squares minimization, conditional on having

non-negative coefficients. Each Yi is the average of multiple observed mass peak

signals with the same gas concentration Xi. More details about the minimization

and the resulting coefficient matrix bB can be found in supplemental information

section S.5.

To quantify the products during a chronoamperometry measurement, new mass

peak signals Y �
1 ;.; Y �

m are obtained during the measurement window (see Figure 6)

and are averaged, such that a vector Y � = ðy�1;.; y�11Þ with 11 averaged mass peak

signals is obtained:

y�
j =

1

m

Xm
k = 1

y�
k;j; j = 1;.;11 (Equation 3)

Finally, the background varied from day to day and must therefore be measured

separately at the beginning of each experiment or calibration series. To get an

estimate of the background value, the cell is run at open circuit potential for

30 min before the chronoamperometry measurements. The mass peaks

YBG
1 ;.; YBG

p measured during these 30 min are averaged to obtain a new

estimate for the vector of background signals bm� = ðbm�
1;.; bm�

11Þ in the same way

that mass peak signals obtained during the measurement window were averaged

before:

bm�
j =

1

p

Xp
k = 1

mBG
k;j ; j = 1;.; 11 (Equation 4)

Here, p denotes the number of mass peak signal measurements that were obtained

during the 30 min of open circuit potential. To extract the concentrations from the

new mass peak signals Y �
1 ;.; Y �

m, we assume that they satisfy the linear model in

Equation 2. Before the quantification step, a qualitative identification step is taken

to determine which products could be present. Each compound of interest

has one or several major mass peak signals that must be significantly higher than

the baseline (bm�) when the compound is present. To identify which peaks were signif-

icantly higher than their baseline value, for each mass peak signal ðj = 1;.;11Þ a
two-sample t test is performed for the groups of background signals yBG1;j ;.; yBGp;j
Chem Catalysis 4, 101065, August 15, 2024 9
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and mass peak signals y�1;j; .; y�m;j. To this end, the value of the test statistic is

computed as:

tj =
y�
j � bm�

jffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s21;j
m

+
s22;j
p

s (Equation 5)

where s21;j and s22;j are the sample variances of the mass peak signals y�1;j;.; y�m;j and

background signals yBG1;j ;.;yBGp;j , respectively. They are calculated using the following

formulas:

s21;j =
1

m � 1

Xm
k = 1

�
y�
k;j � y�

j

�2

(Equation 6)
s22;j =
1

p � 1

Xp
k = 1

�
yBG
k;j � bm�

j

�2

(Equation 7)

If all identifying mass peaks of a compound pass the t test with a one-tailed alpha of

0.05, the compound is produced and can be quantified. Otherwise, it is not likely

that the compound was produced, and its concentration is set to zero during the

quantification. The selected identifying mass peaks for each of the compounds

can be found in the supplemental information (section S.5). After the identification

step, the concentrations are computed by means of constrained least-squares

minimization:

min
0<xs <UB
s = 1;.;8

kY � � bm � bBXk2 (Equation 8)

During the least-squares minimization, each coordinate xs of X is constrained to be

between zero and an upper bound UBs. The upper boundary is determined by first

calculating a 95% confidence upper bound for
P8

s = 1 bj;sxs, for each mass peak (j =

1;.;11) separately, by means of the formula:

CBj = Y j
� � bm�

j + z0:95

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s21;j
m

+
s22;j
p

s
(Equation 9)

where z0:95 denotes the 95th percentile of the standard normal distribution. An up-

per bound for xs can then be determined by setting all other elements of X to zero

and plugin the estimate for bj;s. If a compound has multiple identifying mass peaks,

then the smallest upper bound is taken. This leads to the formula:

UB = min
j = 1;.;11

CBjbb j;s

; s = 1;.; 8 (Equation 10)

Rapid electrocatalyst screening

To demonstrate the ability of the setup to quantify all major CO2RR reaction prod-

ucts, a series of 15-min chronoamperometry measurements are performed with

decreasing potential from�0.6 V vs. RHE to�1.3 V vs. RHE on both a polycrystalline

Ag and Cu electrode in triplicate. Polycrystalline Ag and Cu are chosen as bench-

marks in accordance with the benchmark set by Bell and co-workers.25 The results

can be found in Figure 7. The trends of products over the potential range fit well

with other literature sources for both polycrystalline Ag26 and Cu.22 For Ag, the cur-

rent partial densities (Figure S2) are comparable to reported values in the literature

(�3 mA/cm2 for CO at higher potentials, see section S.6 of the supplemental infor-

mation) and follow similar trendlines over the measured potential range26: At low
10 Chem Catalysis 4, 101065, August 15, 2024



Figure 7. Faradic efficiencies of detected CO2 reduction products

Products are given as a function of potential for both Ag (A and C) and Cu (B and D) electrodes

divided into major and minor products, respectively. The error bars indicate the standard deviation

between three repetitions of the same experiment around their average.
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potentials, hydrogen production is dominant, but CO production slowly picks up,

and around �0.9 V vs. RHE, the catalyst is more selective toward CO. However, at

higher potentials, the production of CO stagnates, and hydrogen production picks

up. Meanwhile, formate production slowly rises from lower to higher potentials and

at higher potentials further reduced products such as ethanol and methane are de-

tected. On Cu, the product current densities follow the same trendlines as in

the literature21,22; the selectivity of formic acid and CO decreases from low to

high potentials. At intermediate potentials, ethylene selectivity increases, but

at higher potentials this decreases as well, similar to the alcohol selectivity.

Finally, methane production becomes more prevalent toward higher potentials.

Overall, this measurement confirms that the designed setup and analysis procedure

is able to rapidly and accurately quantify the product distribution of CO2RR

electrocatalysts.

At low overpotentials, and therefore low production rates, the faradic efficiency bal-

ance could not be closed to 100%. This is due to a relatively greater influence of the

value of the predetermined background signal (m) at concentrations close to the

lower limit of detection. Additionally, if there are remaining sources contributing

to the background in the setup (residual nitrogen), then this will result in a higher es-

timate of the background signal. These background noises will diminish over time,
Chem Catalysis 4, 101065, August 15, 2024 11
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and at the start of the first chronoamperometry, the actual background signal will be

less, leading to an underestimation of the production rate. Especially at low activity,

these slight underestimations have a relatively greater influence. Additionally, some

data points have larger SDs, especially the alcohols and CO. This is a result of the

identifying step taken during the product deconvolution procedure. These products

have amass peak with a relatively large background noise (28 and 31m/e for CO and

alcohols, respectively) and small coefficients compared to the other products such as

hydrogen, methane, and ethylene. As a result, the resulting mass peak signals of 28

and 31 m/e when CO or alcohols are produced will not always be significantly higher

than the background signal, and the production rate will be set at 0. This results in

much larger SDs between the different product runs.

The quantification could be sped up even further by shortening the governing resi-

dence time distribution of the setup. The residence time distribution itself is limited

by the gas holdup in the cell, and the intermittent, discrete manner gas products

leave the cell in the form of bubbles. Therefore, some mixing is required to obtain

some level of continuous product effluent. To shorten the residence time, the

PEEK cell could be pretreated by ozone, making the cell more hydrophilic and

thereby reducing the gas holdup.11 Also, the setup could be slightly redesigned

to work under high pressure conditions. Under high pressure, the solubility of gasses

in the electrolyte is enhanced, limiting the number of bubbles that are formed and

increasing the mass transfer rate to the electrode surface.

Conclusion

An improved DEMS setup was designed that enables the simultaneous quantifica-

tion of gaseous and liquid products during the electrochemical reduction of CO2

significantly faster than conventional analytical techniques and without the need

for additional ex situmeasurements. Alternatively, the setup could be used for prob-

ing the long-term stability of catalysts by extending the time of the chronoamperom-

etry measurement. The DEMS setup was validated by comparing the catalytic activ-

ity of a polycrystalline Cu and Ag electrode against benchmarks from the literature.

Currently, the setup is able to quantify the production rate of most of the major CO2

reduction products CO,methane, ethylene, methanol, ethanol, 1-propanol, and allyl

alcohol. Therefore, to the best of our knowledge, it is the first DEMS setup that is

able to simultaneously quantify CO and liquid products without the need for addi-

tional measurements.

To further improve the current setup, the residence time distribution could be short-

ened, or the detection limit could be lowered. To shorten the residence time distri-

bution of the setup, the bubble holdup over the cell needs to decrease. One could

treat the PEEK cell with ozone, similar to Clark et al.,11 but this needs specialized

setups like an ozone generator. Alternatively, the cell could be redesigned to

work under high pressure. At elevated pressure, the solubility of the gas products

increases, and bubble formation is prevented. To reduce the product detection

limit, the background noise of the mass spectrometer signal can be reduced by opti-

mizing the vacuum setup and regularly baking out the setup or by increasing the area

of the PTFE membrane to the liquid inlet. A larger area would increase the flow of

products into the mass spectrometer and thereby increase the detectability of the

mass spectrometer to liquid products.

Compared to conventional research in H cells, where the researcher needs to accu-

mulate liquid products for about 1 h, the designed setup is about 4 times faster in

determining the catalytic response of a new electrocatalyst over a wide potential
12 Chem Catalysis 4, 101065, August 15, 2024
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range. Therefore, the DEMS setup can significantly speed up electrocatalyst devel-

opment by enabling the testing of different catalyst materials in a short period of

time. Additionally, it enables researchers to widen the number of reaction conditions

they can test—for instance, using wider potential ranges or different electrolytes. As

the hydrodynamics of the cell were quantified and successfully modeled, different

hydrodynamic conditions can be used to probe reaction kinetics. Finally, unlike pre-

viously reported DEMS setups, the researcher is not limited to a single-cell design

and the setup can be easily adapted to different cell designs.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources should be directed to and will be ful-

filled by the lead contact, Dr. Ruud Kortlever (r.kortlever@tudelft.nl).

Materials availability

This study did not generate new materials.

Data and code availability

Any additional information required to reanalyze the data reported in this paper is

available from the lead contact upon request.

Materials and chemicals

All solutions were prepared using ultrapure water (Millipore Milli-Q gradient A10

system, 18 MU cm) and reagents of high purity. Electrolytes were prepared using

KHCO3 (R99.95%, Sigma-Aldrich), K3Fe(CN)6$H2O (99.9%, Sigma Aldrich), and

K4Fe(CN)6 (99.9%, Sigma Aldrich). Polycrystalline silver foils (25 3 25 3 1 mm,

99.995%) were purchased from MaTecK GmbH, polycrystalline Cu foils (25 3

25 3 1 mm, 99.99%) were obtained from Sigma-Aldrich, while glassy carbon elec-

trodes (25 3 25 3 1 mm) were purchased from HTW (Sigradur, polished). As the

counter electrode, either a Pt foil (MaTeck Gmbh, 25 3 25 3 0.1 mm, 99.995%) or

a glassy carbon electrode (HTW, Sigradur, polished) was used. For the calibration

of the liquid products, methanol (R99.9% Sigma-Aldrich), ethanol (R99.8%,

Sigma-Aldrich), 1-propanol (R99.9% Sigma-Aldrich), and allyl-alcohol (R99%

Sigma-Aldrich) were used to make dilution series.

Electrochemical measurements

All electrochemical experiments were performed using a Biologic SP-200 potentio-

stat, using an RE-6 Ag/AgCl reference electrode (BASi).

Electrode preparation

Prior to every measurement, the polycrystalline Ag and Cu foils were polished by

hand using 3-mm and 1-mm diamond paste (DP-floc, Struers) and a microfiber cloth

(DP-floc, Struers) for a couple of minutes to ensure that contaminants were removed

from the surface. After each polishing step, the electrode was washed using ultra-

pure water and subsequently dried using compressed nitrogen or Ar. After mechan-

ical polishing, the Cu foil was electropolished twice in 85 vol/vol % H3PO4 (aq) solu-

tion (Sigma-Aldrich). In short, a two-electrode setup was used with the Cu foil as the

working electrode and a carbon rod as the counter electrode. Cu tape (AT528,

Advance Tapes) was used to hold up the Cu foil while both electrodes were

immersed in a 100-mL beaker containing the electrolyte. A potential difference of

2.1 V was applied between the two electrodes for 3 min. After electropolishing,

the Cu foil was washed with ultrapure water and dried using compressed Ar. Glassy
Chem Catalysis 4, 101065, August 15, 2024 13
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carbon electrodes were first cleaned using acetone to remove any leftover glue on

the surface from the tape used in the previous experiments. Next, the electrode

was ultrasonicated using ultrapure water for at least 15 min and manually polished

for a couple of minutes using undiluted alumina paste (DP-floc, Struers) and a micro-

fiber cloth (DP-floc, Struers). After another washing step with ultrapure water, the

electrode was ultrasonicated in ultrapure water for 15 min to remove any residual

alumina particles from the surface. Subsequently, the electrodes were ultrasoni-

cated for 15 min in a 20 vol % HNO3 (aq) solution (prepared with 70 vol % HNO3

from Sigma-Aldrich) to make sure all leftover alumina dissolved from the electrode

surface. Then, the electrode was washed and ultrasonicated for at least 15 min using

ultrapure water to ensure all acid was removed from the electrode. Finally, the elec-

trodes were dried using compressed nitrogen or Ar. Prior to each experiment, the Pt

counter electrode was polished by hand using 3-mmdiamond paste and amicrofiber

cloth (DP-floc, Struers) for about 1–2 min to make sure any contaminants were

removed from the surface. Next, it was washed with ultrapure water and flame an-

nealed until the surface glowed red-hot.

Ferro-/ferricyanide experiments

The ferro-/ferricyanide redox couple was used to determine the hydrodynamics of

the cell. A buffer of 0.1 M KHCO3 (99.95%, Sigma Aldrich) + 5 mM K3Fe(CN)6$H2O

(99.9%, Sigma Aldrich) + 5 mM K4Fe(CN)6 (99.9%, Sigma Aldrich) was flowed

through the cell, using glassy carbon as both the working and counter electrodes.27

Furthermore, Ar was bubbled through the electrolyte to remove any dissolved oxy-

gen, to prevent ferrocyanide oxidation.28 Lastly, all experiments were performed in

the dark to prevent photolysis of the cyanide complexes through photodissociation

under UV light, leading to cyanide formation.29 Linear sweep voltammetry was per-

formed from open circuit potential to +0.6 V vs. Eoc at a sweep rate of 1 mV/s and

maintaining different flow rates. The sweep rate was kept low to limit the contribu-

tion of double-layer charging. Cell resistances could not be determined using po-

tentiostatic electrochemical impedance spectroscopy (PEIS) since at any potential

faradaic reactions occur. Therefore, these results are shown without ohmic drop

compensation.

Formate quantification

Because ions cannot pass the DEMS membrane, it was not possible to quantify the

formate production at each potential. Instead, formate production was quantified

using HPLC. Following the obtained residence time distribution, the electrolyte ex-

iting the liquid DEMS inlet was collected 7 min after the chronoamperometry mea-

surement started. The concentration of formate was measured by injection 100 mL

into the HPLC (Agilent Technologies 1260 Infinity) to quantify the formed liquid

products. The HPLC was calibrated with a dilution series in the range of 0.01–

5 mM of formic acid (95%, Sigma-Aldrich). The flow rate of the eluent (1 mM

H2SO4 (aq)) was set to 0.6 mL/min, and the measurement ran for 1 h. The HPLC

used two Aminex HPX-87H columns (BioRad) in series heated to 60�C. A refractive

index detector was used for the detection of products.

Mass spectrometer settings

MS was performed on a Hiden HPR40 dissolved-species mass spectrometer. All

incoming species were first ionized and subsequently accelerated with a voltage

of 3 V and an electron current of 500 mA. Finally, all cations were detected by an

SEM, which was set at a voltage of 870 V. The electron current and SEM voltage

were optimized to maximize the signal-to-noise ratio of liquid products (see the sec-

tion Product detection and quantification).
14 Chem Catalysis 4, 101065, August 15, 2024
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Product calibration

For the gaseous products, five standard concentration bottles were used (Linde).

The concentration of analytes in these bottles ranged from 50 to 100, 1,000,

3,000 and 8,000 ppm. The bottles were balanced with CO2 and the flow rate used

for calibration was 2 mln/min. Additionally, the background values of each mass

peak were measured by flowing pure CO2 through the setup. At startup or after

changing the bottle, the signal was first stabilized for at least 3 h. Each liquid product

was calibrated by flowing a series of increasingly diluted standards from 5 mM to

1 mM, 500 mM, 100 mM, and 50 mM. Each standard was prepared using ultrapure wa-

ter and was pumped through the liquid inlet with a flow rate of 1 mL/min for 30 min

before measurements were taken. After each dilution series had ended, ultrapure

water was pumped through the system to obtain the background noise of each

signal.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.checat.

2024.101065.
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